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New Zealand has an interesting history that has shaped its biota through its isolation, almost 
total absence of terrestrial mammals and climate history. This history is thought to have 
influenced, for instance, the evolution of flightless birds, rapid speciation and morphological 
diversification of vascular alpine plants, the high abundance of brightly coloured, epigeous 
sequestrate fungi and the disjunct distribution of the mycorrhizal host species Nothofagus. 
However, inferences concerning such concepts are reliant on accurate and informative data, in 
particular a complete and robust taxonomic treatment of species involved, supported by 
appropriate genetic data. 
This thesis concerns three different areas. Firstly, the systematics of selected species from the 
New Zealand mycorrhizal genus, Cortinarius. Secondly, automated data retrieval of BLAST 
search results and associated sequences from the same vouchered specimen. Finally, the 
potential utility of chloroplast genomes in population genetics of a one of the most wide 
spread mycorrhizal fungal host species, Nothofagus menziesii. 
Accurate taxonomy is fundamental for communicating species concepts and critical in many 
biological disciplines including biodiversity analyses, conservation and life history studies. 
Fungi are the second most diverse group of eukaryotic organisms on the planet after insects. 
Twelve million species are thought to be in the fungal kingdom, with only ca. 120 000 
currently described. Cortinarius is a widely distributed genus of ectomycorrhizal fungi in the 
Agaricales, present in temperate and subarctic-alpine climates in both hemispheres. 
Cortinarius is highly diverse; with over 3000 species described it is the largest genus in the 
Agaricales. In New Zealand, Cortinarius is the dominant ectomycorrhizal genus and 
associates with Nothofagus, Kunzea and Leptospermum. Members of the genus display a wide 
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range of colours from white to almost black, and almost every colour in between. The sexual 
fruit bodies of Cortinarius taxa are mostly agaricoid in morphology, but many species have a 
gasteroid or secotioid morphology. 
In this thesis, new species of sequestrate and agaricoid Cortinarius are described, covered in 
chapters 2–4. In particular, four additional species of purple secotioid species were discovered 
to be hidden under the name of the iconic C. porphyroideus. Members of Cortinarius section 
Subcastanelli were also investigated. It was discovered that the protologue of C. 
subcastanellus was based on multiple taxa, other members of this section were found to be 
synonyms of earlier species. In total seven new Cortinarius species were described, three 
synonymisations and one emendation are made. 
The second objective was to ameliorate some of the manual data retrieval and cleaning for 
multigene phylogenetics, particularly in relation to fungal taxonomy. In chapter 5, the python 
script multigene_blastnparse.py is presented. This script retrieves BLAST matches from 
Genbank and all other markers from the same specimen identifier. BLAST matches are written 
to a csv file for immediate overview, while the sequences are written to a file in fasta format. 
All headers in the primary field of the fasta file are unique for each specimen identifier 
allowing for seamless concatenation of sequences from different regions for multigene 
phylogenetics. This bioinformatics tool is used in a subsequent chapter and is freely available 
on GitHub. 
Nothofagus is a dominant and widely distributed tree genus in New Zealand. It is one of three 
genera that host ectomycorrhizal fungi, upon which they are dependent for much of their 
mineral nutrient acquisition. Nothofagus in New Zealand displays an interesting disjunct 
distribution on the South Island of New Zealand where it is missing in central Westland, 
known as the Westland beech gap. Many hypotheses and studies have been put forward for 
the presence and persistence of the Westland beech gap, including the lack of mycorrhizal 
symbionts in the beech gap preventing the expansion of Nothofagus into the area. However, 
there is a paucity of genetic data for confident conclusions to be drawn. Chloroplast markers 
are often used in population genetic studies as they are generally unilaterally inherited and 
geneflow is restricted to seed dispersal. However, most traditional chloroplast markers are 
slow evolving genes that are not suited to population genetics. Advances in sequencing has 
enabled high throughput sequencing of whole chloroplast genomes. Whole chloroplast 
genomes have been found to contain highly variable regions between populations, making 
them valuable for population genetics. Either through identification of variable regions for 
studies using traditions techniques, or used in their entirety. 
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In chapter 6, the chloroplast genome of Nothofagus menziesii from a Dunedin individual was 
sequenced and assembled using short and long read sequencing technologies. The chloroplast 
genome was 156 145 kb and presented a typical quadripartite structure. The genome 
contained 130 genes and was comparable to other chloroplast genomes in the Fagales. A 
chloroplast genome was sequenced using genome skimming from a geographically distant 
individual (St Arnaud, ~500 km separation) and compared to the Dunedin individual. The 
comparison revealed 131 polymorphic sites, with 13 regions less than 700 bp containing more 
than 3 SNPs. These regions may be valuable for future population genetic studies of 
Nothofagus menziesii. 
This thesis makes a significant contribution to the systematics of the mycorrhizal genus 
Cortinarius in New Zealand. It also accelerates sequence data acquisition for multigene 
phylogenies. Finally, this thesis presents the first whole chloroplast genomic resource for one 
of the dominant mycorrhizal fungi host species, Nothofagus menziesii. 
 
Keywords: taxonomy, sequestrate, agaricoid, secotioid, ectomycorrhiza, population genetics, 
genome skimming, chloroplast, Nothofagus. 
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Due to New Zealand’s geographic isolation (ca 60 mya), recent uplift of the southern Alps (2–
5 mya) and climate history, its biota and biogeography have long interested biologists 
(Cooper and Millener 1993; Winkworth et al. 2005). New Zealand’s history provides many 
unique study systems. One of the most iconic in the animal kingdom is the evolution of 
flightless birds in almost total absence of terrestrial mammals (Clout and Craig 1994). The 
distribution of some of the flightless birds was originally thought to have vicariant 
connections to Gondwanaland, but recent studies have shown recent migrations are a more 
likely explanation for species of kiwi (Mitchell et al. 2014). In the plant kingdom, New 
Zealand alpine plants exhibit rapid speciation and morphological divergences, which is 
thought to be linked to the recent onset of the southern alp formation (Winkworth et al. 2005). 
This is also reflected in the high proportion (~90%) of species endemism in vascular alpine 
plants (Winkworth et al. 2005). At a broader scale, disjunct distributions of plants have been 
noted. This is evident in one of the most widespread tree genera in New Zealand Nothofagus 
Blume which is obligately reliant on ectomycorrhizal fungi. Finally, there is a relatively high 
abundance of brightly coloured and epigeous sequestrate fungi compared to other regions, 
many of which are ectomycorrhizal symbionts (Beever 1993; Beever and Lebel 2014). 
Studies into such systems are reliant on accurate and informative data. Taxonomy is critical 
for communicating clear species concepts that can be universally applied. This has particular 
importance in, for instance, conservation, biogeography and accuracy of red-listed species. 
Genetic data has become a valuable component of taxonomic descriptions and has broader 
implications in many fields of study including population genetics. However, the explosion in 
molecular data has outpaced the development of bioinformatic tools, in particular tools for 
data retrieval and cleaning. Having appropriate bioinformatic tools can expediate discovery 
and improve accuracy of models. 
This thesis explores some of New Zealand Cortinarius (Pers.) Grey diversity with a focus on 
describing new species of ectomycorrhizal sequestrate fungi and elucidating some taxonomic 
conflicts. It also introduces a new method for sequence acquisition from GenBank with a 
focus on fungal multigene phylogenetics. Finally, it presents the chloroplast genome of and 
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important ectomycorrhizal host species, Nothofagus menziesii (Hook.f.) Oerst. and explores 
its potential use in the population genetics. 
1.2 Mycorrhiza 
Fungi are a highly diverse group of organisms and are essential in carbon and nutrient cycling 
(McLaughlin and Spatafora 2014). The fungal kingdom has been suggested to contain 0.5–
13.2 million species (Hyde et al. 2020). It is the second most speciose group after insects 
(Purvis and Hector 2000) and are thought to outnumber plants by as much as seventeen to one 
(Taylor et al. 2014). Fungi inhabit a wide range of environments from the cold depths of the 
Antarctic (Ruisi et al. 2007) to the hot desert sand of Saudi Arabia and Jordan (Murgia et al. 
2019). They exhibit parasitic, saprotrophic or symbiotic lifestyles, often exploiting more than 
one of these trophic guilds (Cushion 2010; Druzhinina et al. 2011; Perotto et al. 2018). Of the 
symbiotic fungi, mycorrhizal fungi are some of the most well-studied organisms and form 
symbiotic relationships with plants through interfacing with roots. In this intimate 
relationship, the plants provide the fungus with carbohydrates, in exchange for mineral 
nutrients from the fungus. 
Mycorrhizal fungi are classified into four main groups depending on the root interfacing 
system and/or the plant host: arbuscular mycorrhizal (AMF), ectomycorrhizal (ECM), orchid 
mycorrhizal (ORM) and ericoid mycorrhizal (ERM). An estimated 92% plant species form 
mycorrhizal associations; 78% are AMF associated, 2% are ECM associated, 10% are ORM 
associated and 1.4% are ERM associated, with some plants species being able to form 
multiple association types (Brundrett and Tedersoo 2018; Tedersoo et al. 2020). While ECM-
associated plant species are relatively few compared to AMF, they have high abundance in 
temperate regions and associate with many tree and shrub species (Martin et al. 2016; Kumar 
and Atri 2018; Soudzilovskaia et al. 2019). Expansion of mycorrhizal diversity is thought to 
occurred in three major waves. The first wave of diversification occurring with the expansion 
early land plants, the second wave occurring with the development of different family level 
root structures during the Cretaceous period, and the third wave occurring in the last 50 
million years and is associated with the development of variable root structures within plant 
families and genera (Brundrett and Tedersoo 2018).  
The evolution of fungi and mycorrhizal association is complex with much still to be 
determined. The earliest evidence of mycorrhizal associations come from fossils of rhizomes 
with arbuscule-like structures that have been dated back to ca 407 million years, indicating 
that fungal symbionts may have been critical for plant colonisation of terrestrial ecosystems 
(Remy et al. 1994). ECM associations appeared much later and are thought to have co-
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occurred with the emergence of Pinaceae Lindley ca 170–270 million years ago (Strullu-
Derrien et al. 2018). The first physical evidence of ECM is from 52 million years ago of ECM 
infected roots encased in amber (Beimforde et al. 2011). ECM lineages have independently 
evolved on multiple occasions in the Pezizales J. Schröt., Agaricales J. Schröt., Helotiales 
Nannf. ex Korf & Lizon, Boletales E.-J. Gilbert and Cantharellales Gäum. (Tedersoo et al. 
2010). Recent analyses revealed 82–86 lineages of ECM (Tedersoo and Smith 2017). The 
evolution of ECM is considered to be mainly an unidirectional process from saprotrophic 
ancestors due to the strong reduction of plant cell wall degradation genes (Tedersoo and 
Smith 2017). However, the non ECM species Amanita inopinata D.A. Reid & Bas was also 
found to contain plant cell wall degradation genes, indicating gene loss might not be the 
solely responsible for a change to a symbiotic habit (Hess et al. 2018). In addition to plant cell 
wall degradation genes, the ECM habit is also associated with an expansion of small secreted 
protein related genes that are likely to act as effectors for mycorrhizal initiation (Martin et al. 
2016). 
The distribution and dominance of AMF and ECM has been linked to soil nutrient 
availability, with AMF dominating nutrient rich areas and ECM dominating low nutrient 
areas. In particular, AMF and their hosts are abundant in areas rich in inorganic nitrogen. This 
is supported by the transition to AMF plants in areas with high anthropogenic inorganic 
nitrogen pollution inputs (Averill et al. 2018; Jo et al. 2019). Moreover, ECM associations 
have been found to be facilitated by high C:N ratios driven by low nitrogen content (Zhu et al. 
2018). This trend was also mirrored in phosphorus limited soils in temperate areas where 
ECM tends to be dominant (Averill et al. 2019). 
Nutrient exchange between the plant and fungus is not strictly a reciprocal process. Exchange 
of carbon has been shown to remain mostly unchanged in some mutualisms, despite the ECM 
partner reducing nitrogen exchange (Corrêa et al. 2008; Albarracín et al. 2013). This does not 
necessarily mean that plants are defenceless in carbon modulation with their fungal symbiont. 
Some plants are able to reward ‘good’ ECM symbionts and can even form preferential 
relationships with certain fungi when there is the option of multiple symbionts (Bogar et al. 
2019). In addition to nutrient transfer, mycorrhiza can confer pathogen and abiotic stress 
resistance. ECM infection has demonstrated protection against plant root pathogens like 
Phytophthora de Bary (Branzanti et al. 1999) and Fusarium Link (Chartier-FitzGerald et al. 
2020). Additionally, ECM can protect host species against drought (Sebastiana et al. 2018; 
Yin et al. 2020), heavy metals (Colpaert et al. 2011; Bauman et al. 2013) and salt stress 
(Guerrero-Galán et al. 2019; Zwiazek et al. 2019). 
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The relationship between mycorrhizal a fungus and a host extends beyond nutrient exchange 
between two individuals. In addition to trees being infected with 10–100s of ECM taxa 
(Bahram et al. 2011), extensive common mycorrhizal networks (CMN) can link multiple 
plants and fungi together with the fungi acting as conduits. CMNs can facilitate the 
redistribution of carbon and nutrients among different individuals, and even regulate 
signalling between plants and affect population structure (Tedersoo et al. 2020). Evidence 
also indicates that phylogenetically similar plants may host more similar ECM communities 
and exchange more carbon through CMNs (Rog et al. 2020). Thus ECM taxa can have an 
effect on plant community structures. 
1.3 The ectomycorrizal genus Cortinarius 
Cortinarius (Pers.) Grey, is an ECM genus (Rinaldi et al. 2008; Tedersoo et al. 2010) of fungi 
in the Agaricales Underw. (Rinaldi et al. 2008; Tedersoo et al. 2010). Cortinarius was 
initially described as a section within Agaricus as Agaricus sect. Cortinaria Pers. (Persoon 
1801). Grey (1821) later recognised Agaricus sect. Cortinaria as a separate genus and C. 
violaceus (L.) Gray was assigned as the type species for the genus. Over 3000 species of 
Cortinarius have since been described and it is recognised as the largest genus in the 
Agaricales (Kalichman et al. 2020). Species from Europe dominate the total descriptions with 
approximately 1900 species (Soop et al. 2019) and ca. 500 from North America (Xie et al. 
2020). In New Zealand, 210 species of Cortinarius are known to be present, of which 192 are 
considered to be endemic or indigenous (NZFUNGI database, Manaaki Whenua-Landcare 
Research, personal communication, 5 Sep 2020). 
Morphological characteristics help taxa to be described in Cortinarius, in particular, the 
presence of a web-like partial veil that protects the gills when young that collapses onto the 
stipe forming a cortina, and rust-brown ornamented spores (Grey 1821). Although, 
morphological exceptions are known. Colloquially, Cortinarius species are known as web-
caps. Due to the size of Cortinarius several subgenera were erected to accommodate species 
with morphological similarities. For example, Dermocybe (Fr.) Wünsche, Telamonia (Fr.) 
Trog, Phlegmacium (Fr.) Trog, Myxacium (Fr.) Trog. Many of these subgenera, in a broad 
sense, have been shown to be polyphyletic (Høiland and Holst-Jensen 2000; Garnica et al. 
2005; Stefani et al. 2014; Soop et al. 2019). Because of the number and diverse morphologies, 
lower ranks at the level of sections or clades have been proposed to be more suitable and 
stable for structuring Cortinarius into smaller monophyletic groups (Garnica et al. 2005; Soop 
et al. 2019). Molecular studies have since shown Cortinarius to include other morphologically 
diverse taxa that were previously described as separate genera, e.g. Rozites P. Karst., 
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Cuphocybe R. Heim, Rapacea E. Horak and Thaxterogaster Singer (Peintner et al. 2001, 
2002a) (discussed in Chapters 2–4). 
Globally, Cortinarius is associated with a wide range of tree and shrub species in various 
families and orders e.g. Pinaceae, Fagales Engl., Salicaceae Mirb. and Myrtaceae Juss. 
(Niskanen et al. 2011; Harrower et al. 2015a). Cortinarius species are highly represented in 
Holarctic and Austral regions (Tedersoo et al. 2010), whereas few Cortinarius species have 
been described from the tropics (Peintner et al. 2003; Ammirati et al. 2007; Harrower et al. 
2015b). This is in contrast to other ECM lineages in the Agaricales, Russulales Kreisel ex 
P.M. Kirk, P.F. Cannon & J.C. David and Boletales E.-J. Gilbert, which are much more 
abundant and diverse in the tropics (Buyck et al. 1996; Buyck and Horak 1999; Henkel et al. 
2000). In New Zealand, Cortinarius associates with native Nothofagus, Kunzea Rchb. and 
Leptospermum J.R.Forst. & G.Forst. (Orlovich and Cairney 2004). 
Cortinarius displays a wide array of colours and morphologies (Figure 1.1). In New Zealand, 
colours exhibited include, but are not limited to, white (C. mariae (E. Horak) E. Horak, 
Peintner, M.M. Moser & Vilgalys), yellow (C. canarius (E. Horak) G. Garnier), brown (C. 
cucumeris E. Horak), red (C. cardinalis (E. Horak) G. Garnier), purple (C. porphyroideus 
Peintner & M.M. Moser) and almost black (C. rhipiduranus Soop). Moreover, basidiocarps 
can be dry as seen in C. mariae or can be covered to differing degrees of mucilage to the 
extent where the fruitbody is covered in a thick layer as seen in C. cucumeris. While the 
majority of Cortinarius species are agaricoid, many have sequestrate morphologies. These 
include the highly reduced gastroid fruit body as seen in C. beeverorum Orlovich, X.Yue 
Wang & T. Lebel and the intermediate, secotioid form e.g. C. violaceovolvatus var. viola 
(Soop) A.R. Nilsen & Orlovich (sequestrate fungi are discussed in section 1.4). 
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Figure 1.1 Examples of colours and morphologies found in Cortinarius: a) C. mariae OTA64023, b) C. 
canarius OTA65680, c) C. cucumeris OTA64102, d) C. cardinalis OTA69763, e) C. rhipiduranus 
OTA69733 f) C. beeverorum, g) C. violaceovolvatus var. viola OTA64113 
1.4 Sequestrate fungi 
Sequestrate fungi are fungi that are unable to forcibly discharge spores into the environment 
and their spores are ‘sequestered’ internally. Under this term two main morphologies are 
recognised: secotioid (Figure 1.1 g) and gasteroid (Figure 1.1 f). Both these morphologies 
display a closed hymenium, but secotioid taxa retain an external stipe whereas gasteroid taxa 
possess, at most, an internalised stipe. By their nature, secotioid fungi are typically epigeous 
as the stipe elevates the pileus above the ground. Contrastingly, gasteroid fungi are often 
buried, or partially emerging from the ground. Sequestrate fungi are also often referred to as 
truffle-like fungi, however, this term does not include taxa from the ‘true’ truffle genus Tuber  
Micheli ex F.H. Wigg. 
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Sequestrate fungi have a convoluted taxonomic background. Fries (1821) divided fungi into 
several major classes, including the Hymenomycetes and Gasteromycetes. Hymenomycetes 
included the lamellate (gilled) fungi and Gasteromycetes on the other hand, included all 
enclosed hymenium fungi (including puffballs etc.); the name Gasteromycetes stems from 
‘gastro’ meaning stomach and ‘mycetes’ meaning fungi. It became evident in the late 19th 
century that the Gasteromycetes grouping was artificial as it contained members of both the 
Basidiomycota and Ascomycota, and the use of Gasteromycetes was consequently restricted 
to a subgroup within the Basidiomycetes (Gube and Dorfelt 2012). Multiple different genera 
were described within the Gasteromycetes. Of particular relevance for this thesis are the 
genera Secotium Kunze and Thaxterogaster Singer. Secotium was erected to include stipitate 
(with a stipe) closed hymenium fungi (secotioid fungi) (Kunze 1840). Secotium had a debated 
taxonomic position and has since been shown to contain members from distantly related 
genera (Lebel and Syme 2012; Vidal et al. 2019; Loizides et al. 2020). Singer (1951) erected 
Thaxterogaster, which had macromorphological parallels with Secotium, but diverged in 
spore characteristics to the type species of Secotium (S. gueinzii Kunze). Singer noted the 
strong similarities in spore morphologies with Cortinarius and went on to hypothesise that 
Cortinarius was derived from Thaxterogaster. The taxonomy of several New Zealand 
Thaxterogaster species is treated in further detail in Chapters 2 and 3. 
The direction of morphological evolution was a contentious topic in the mid 20th century with 
arguments for the evolution of agaricoid fungi to a sequestrate habit or vice versa (Heim 
1971; Smith 1971; Singer 1975; Thiers 1984). Thiers (1984) strongly argued that the loss and 
re-evolution of forcible spore discharge would not be a likely evolutionary pathway for 
agaricoid development. It was not until molecular techniques were developed that 
evolutionary ancestry was able to be established, and for the most part showed that 
sequestrate fungi were indeed derived from the agaricoid morphology (Hibbett et al. 1997; 
Kretzer and Bruns 1997; Peintner et al. 2001). Moreover, it has been shown that sequestrate 
fungi have independently evolved on multiple occasions from mushroom-like ancestors. 
These transitions (sequestration events) can be constrained to single known species as seen in, 
for example, Cortinarius (Sheedy et al. 2016, Nilsen et al. 2020, Chapter 2; Chapter 3 and 
Nilsen et al. 2019, Chapter 4), Russula Pers. (Lebel and Tonkin 2007), Agaricus (Lebel and 
Syme 2012) and Suillus Grey (Kretzer and Bruns 1997), or be ancestral to multiple genera as 
in Rossbeevera T. Lebel & Orihara and Turmalinea Orihara & N. Maek. (Orihara et al. 2016).  
While the direction of evolution of sequestrate fungi has, in most cases, been definitively 
established, the causes for the transition have not. The agaricoid morphology is thought to be 
relatively stable; fossil and amber-encased agarics have been identified back to 100–120 
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million years (Hibbett et al. 1995; Heads et al. 2017). This raises the question of what has 
caused the transition of the agaricoid to sequestrate morphology. Thiers (1984) suggested that 
the sequestrate habit may be in response to extreme environmental conditions, e.g. dry 
summers and sporadic precipitation in spring and autumn. This is on the basis that agaricoid 
fungi above ground would be more susceptible to desiccation before reaching maturity and 
dispersing spores. Having a closed hymenium would alleviate desiccation before basidiocarp 
maturity. This hypothesis was supported by the general increased rate of transitions from a 
non-sequestrate form to a sequestrate morphology in Australian fungal taxa after the 
aridification ca 32 million years ago (Sheedy et al. 2016). Additionally, areas with high aridity 
like North America and Australia have been suggested to contain approximately one third of 
the global sequestrate diversity (Mueller et al. 2007; Trappe et al. 2009). 
Despite the advantages of an enclosed hymenium, it requires alternative means for the spore 
dispersal. In agaricoid fungi, spores are dispersed on wind currents, albeit the majority of 
spores are dispersed only within a meter of the fruit body (Galante et al. 2011; Horton et al. 
2013). However, air currents have been known to carry spores many hundreds to thousands of 
kilometres facilitating long distance dispersal (Hallenberg and Kúffer 2001; Geml et al. 
2012). There may be limited benefit in depositing spores in a concentrated mass underground, 
where medium to long distance dispersal is highly constrained. For mycorrhizal species, the 
accumulation of spores in the rhizosphere of potential hosts could be advantageous (Miller et 
al. 1994), but could put the offspring in direct competition with the parent for hosts, nutrients 
and niche space. An effective strategy for sequestrate fungi to disperse spores over greater 
distances is through mycophagous animals (Trappe et al. 2009). Sequestrate fungi, especially 
hypogeous gastroid fungi, have developed attractants to increase the chances of discovery by 
animals. One of the most widespread attractants are the production of aromatic compounds 
(Frank et al. 2006; Trappe et al. 2009; Splivallo et al. 2011). Interestingly, immature 
hypogeous fruit bodies produce minor amounts of aromatic compounds which gradually 
intensifying with the maturity of the fruit body, therefore, attracting animal at the height of 
maturity (Maser et al. 2008). Many different animals consume sequestrate fungi either to 
supplement their normal diets, or as a major constituent. Large mammals like deer 
(Odocoileus Rafinesque spp.), mountain goats (Oreamnos americanus Blainville) and 
wallabies (Wallabia Trouessart spp.) are known to graze on hypogeous fungi (Luoma et al. 
2003). Small mammals like flying squirrels (Glaucomys sabrinus Shaw) (Zabel and Waters 
1997), the long-nosed potoroo (Potorus longipes Seebeck & Johnson) (Claridge and Cork 
1994) and long-nosed bandicoots (Perameles nasuta Geoffroy) (Vernes 2014) can be more 
dependent on sequestrate fungi for nutritional value. The advantages of dispersal by 
mycophagy is that the animal is likely to excrete in an environment that is similar from the 
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original parent source, but far enough away not to compete with the parent. Moreover, a high 
concentration of spores in the faecal pellet would increase the chances of reproductive success 
for the host plant species and symbiont (Trappe et al. 2009). Studies have further indicated 
that passage of ectomycorrhizal spores through the gut may enhance the rates of spore 
germination (Cork and Kenagy 1989; Claridge et al. 1992; Danks et al. 2020). 
In addition to the production of aromatic compounds to attract mycophagous animals, 
emergent to epigeous sequestrate fungi in New Zealand are thought to have adopted a 
different attractant: bright colours. The brightly coloured fungi in New Zealand contrast the 
more dull brown, pink or off-white fungi found elsewhere in the world (Castellano et al. 
1989). Beever (1993) and Beever and Lebel (2014) suggested that the lack of mammals in 
New Zealand may have selected for visual cues to entice birds to graze upon them. This is 
discussed further in Chapter 2. 
1.5 Taxonomy and its importance 
Taxonomy is fundamental to many strands of biology like ecology, biodiversity and 
conservation studies, which are reliant on unique, meaningful species identifiers (Begerow et 
al. 2010). Despite the high estimated diversity, only ca 120 000 fungal species have been 
described (Hawksworth and Lücking 2017). The prospect of science describing so many 
species is daunting, especially with a diminishing number of taxonomists (Hofstetter et al. 
2019). There is the increasing possibility that many species will go undiscovered and/or 
undescribed before going extinct due to large-scale anthropogenic change (Costello et al. 
2013). 
Taxonomic classification of fungi has had a turbulent history since Carl Linnaeus introduced 
taxonomic ranks and the binomial system of naming species in the mid 18th century. Linnaeus 
himself classified fungi in the kingdom ‘Regnum Vegetabile’ as Cryptogamia (Linnaeus 
1753). Since Linnaeus, the classification of fungi has undergone dramatic change, for 
example, the introduction of fungi at the level of kingdom (Whittaker 1969), changes in the 
taxonomic nomenclatural code and identification of artificial groupings (see section 1.4 for 
examples). Taxonomic changes must adhere to the nomenclatural laws governed by the 
International Code of Nomenclature for algae, fungi, and plants (ICN) (formally as the 
International Code of Nomenclature for Botany) (Turland et al. 2018). Substantial changes 
were administered in 2012 with the acceptance of English diagnoses, electronic only 
publication, requirement for name registration at Mycobank or Index Fungorum and the move 
to ‘one fungus, one name’ for differing sexual states (McNeill et al. 2012). During the 
preparation of the taxonomic chapters (Chapters 2–4) in this thesis, it even become apparent 
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that the concept of a fungal species has changed with the increasing understanding of fungi. 
Moreover, that the species concept is rarely explicitly mentioned, rather implied. The 
understanding of fungal species concepts is covered in more depth in chapter 7. 
Molecular biology has revolutionised systematics and taxonomy in all fields of biology. This 
is particularly true for organisms with cryptic life histories like fungi. The use of DNA 
barcodes for organism identification has been widely adopted in biological communities, with 
the internal transcribed spacer being used for fungi (Schoch et al. 2012) (discussed more in 
Chapter 5). DNA barcoding in environmental studies has revealed the unprecedented levels of 
fungal diversity and organisms that are not appreciably attributable to fungal ranks below 
kingdom (Ryberg et al. 2016). Owing to our increasing knowledge of the sheer scale of 
diversity, it has brought with it potential to re-evaluate taxonomy and there have been calls to 
transition away from traditional taxonomy. Most provocative was Hebert et al. (2003) who 
suggested that due to the apparent ease of identifying fungi from DNA barcodes, taxonomic 
expertise is no longer required. Curiously, the authors thanked taxonomists for taxonomic 
validation of species assignments. The sentiment from Hebert et al. (2003) has more recently 
been echoed by Godfray (2007). These opinions were often met with criticisms (Begerow et 
al. 2010; Peay 2014; Jeewon and Hyde 2016; Hofstetter et al. 2019). Additionally, Hofstetter 
et al. (2019) illuminated some of the difficulties associated with barcode based fungal 
identification, in which many specimens are incorrectly named on GenBank causing the 
incorrect conclusion to be drawn for species identity. Others have suggested that rather than 
expending energy on naming taxa,  time should be invested in understanding more about their 
biology (Money 2013). Money (2013) further suggested that new taxa be given a digital 
identifier and assigning them to higher taxonomic ranks until such time that the additional 
basic research into the organism has been completed. To address this and other issues, the 
UNITE database was further developed to give a stable identifier (species hypothesis, SH) for 
all operational taxonomic units (OTUs), with or without a Latin binomial name (Kõljalg et al. 
2013). Despite the controversies, fungal taxonomy and DNA barcoding compliment one 
another. For instance, accurate taxonomy and DNA barcoding are essential for accurate 
classification of trophic guilds and ecophysiology studies (Kõljalg et al. 2013; Jeewon and 
Hyde 2016; Tedersoo et al. 2018).  
Taxonomy, at its core, facilitates accurate communication. Uniform names are essential for 
connecting databases (Zanne et al. 2020), which is often crucial in large meta-analyses. For 
instance, information gleaned from taxonomic data has been used to find relationships 
between guilds, including the possible role of ornamented spores facilitating dispersal of 
ectomycorrhizal species in soil (Halbwachs et al. 2015), and large ornamented spores are 
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more likely to be ECM (Calhim et al. 2018). Fungal taxonomy is also invaluable for 
environmental studies where life histories (e.g. morphology) may have interesting 
implications. For example, old growth N. menziesii are known to establish adventitious roots 
in accumulated canopy soil that are colonised with ECM fungi (Orlovich et al. 2013). A later 
study comparing the mycorrhizal communities in the terrestrial and canopy environment were 
able to link fungal morphology to sequences obtained from hyphal ingrowth bags (Nilsen et 
al. 2020a, supplementary data). Surprisingly, sequestrate fungal sequences were found in the 
canopy of old growth Nothofagus menziesii trees. This had interesting implications, for 
example, how the sequestrate taxa were able to disperse into the canopy. 
1.6 Bionformatics and accessibility to GenBank 
Bioinformatics integrates the study of biology using computational tools and is suited to large 
and small datasets alike. In particular, bioinformatics is used to investigate fields of biology 
like genome assembly and annotation, comparative genomics, population genetics and 
phylogenetics. Many different applications have been developed to address specific areas of 
biological interest. However, data acquisition from repositories and cleaning is normally left 
for the researcher to address. This can be a critical step for the success of downstream 
analyses and can contribute to a large portion of project time, hampering time spent on, for 
instance, species discovery and systematics (Herbert and Wang 2007; Lan et al. 2018). During 
the development of this thesis, it became apparent that bioinformatic tools were lacking in the 
retrieval and cleaning of sequences for multigene phylogenetics. Consequently, a new python 
script was developed for the acquisition of sequence data. 
The National Centre for Biotechnology Information (NCBI) is one of the main centres for 
molecular data storage and is part of the International Nucleotide Sequence Database 
Collaboration (INSDC). NCBI stores data from raw sequencing, whole genomes, annotated 
sequence data and other datatypes. One of the main repositories for molecular data at NCBI is 
GenBank with 218 million sequences representing 654 Gb 
(https://www.ncbi.nlm.nih.gov/genbank/statistics/, August 2020). GenBank has recently been 
overtaken in volume by the whole genome database which currently contains 1.4 billion 
sequences and 8.8 Tb (https://www.ncbi.nlm.nih.gov/genbank/statistics/, August 2020).  
Direct access to GenBank is facilitated by utilities provided by NCBI, the most common of 
which is BLAST (Altschul et al. 1997). BLAST is available through the web browser and allows 
the user to retrieve close matches to the query sequence from the database. Additionally, 
BLAST can be installed locally, but also requires a local copy of the BLAST database if it to be 
accessed. Alternatively, GenBank entries can be accessed through E-utilities (Rédei 2008). 
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This has the advantage of being able to retrieve all sequences from an organism/species, but 
requires intimate knowledge of the organism in question and there is a high chance of missing 
incorrectly named organisms as almost 30% of fungal names may be incorrect (Hofstetter et 
al. 2019). A further obstacle is that interaction with the database via E-utilities is facilitated 
through a programmatic approach and requires the user to be au fait with the syntax. 
Access to GenBank and retrieval of all known sequences from organisms is a crucial step for 
most multigene phylogenetic studies. Many researchers use graphical user interface software 
(GUI) which include commercial examples like Geneious (Biomatters) and SnapGene 
(Insightful Science), or open source software like MEGAX (Kumar et al. 2018). These GUIs 
integrate some form of GenBank access and is mostly achieved through BLAST. This allows 
the user to simply retrieve close matches within the framework of the GUI. Such GUIs are 
user friendly and do not require a large amount of learning investment, but can be limiting in 
the ability to retrieve alternative sequences from the same organism. Moreover, data cleaning 
and sequence concatenation can require substantial manual investment as these GUIs are not 
well suited for these tasks. The open source package PhyloSuite, which is geared toward 
multigene phylogenetics, partially addresses this (Zhang et al. 2020). It can identify and 
seamlessly concatenate sequences from the same vouchered specimen, however, PhyloSuite is 
dependent on the prior retrieval of all known sequences from GenBank by the user as there is 
no inbuilt GenBank functionality. 
While GUIs are convenient for routine tasks, more complex projects are either convoluted or 
simply not possible. Therefore, bioinformatic literacy is becoming a mandatory skill to have 
for any biologist. Most biologists lack formal training in computer science and bioinformatic 
skills are learnt as a part of necessity. Python is a high-level programming language that has 
been rapidly adopted by a range of fields. It has intuitive syntax, a large user base and 
supports an array of libraries. It is subsequently a good beginner programming language to 
learn. 
Data acquisition and cleaning for multigene phylogenetics is discussed in Chapter 5 and 
python script is presented to mitigate some of the above mentioned issues. This script was 
used to retrieve sequences used in Chapter 3. 
1.7 Thesis outline 
In this thesis, three main subjects are explored. The first concerns the systematics of the most 
speciose mycorrhizal genus in New Zealand, Cortinarius. New species in this genus are 
described, the misapplication of old names are clarified and emendations are made. Secondly, 
a python script is presented that mitigates some of the manual creation of sequence databases 
 13 
for multigene phylogenetics, allowing more time to be spent on research. Finally, the use of 
whole chloroplasts in population genetics of one of New Zealand’s dominant ectomycorrhizal 
species, Nothofagus menziesii is explored. 
Chapter 2 investigates the conspicuous purple, sequestrate species Cortinarius porphyroideus 
from New Zealand. Using genome skimming to sequence the almost 100-year-old type 
specimen, it was found that the name C. porphyroideus has been misapplied to multiple 
cryptic species that were concealed under this name. Consequently, four new species of 
purple sequestrate Cortinarius are described. This chapter was published in the journal 
Mycologia, Nilsen et al. (2020). 
Chapter 3 investigates holotype specimens from Cortinarius species in sections Subcastanelli 
Soop and Archeriani M.M. Moser & E. Horak using traditional and genome skimming 
methods. The protologues from two species were found to be likely based on multiple species 
resulting in the emendation of one species and the description of a new species. Additionally, 
two synonymous taxa were identified and a new species from section Delibuti (Fr.) Sacc. was 
described. This chapter was published in the New Zealand Journal of Botany, Nilsen et al. 
(2021). 
 Chapter 4 describes C. atropileatus A. R. Nilsen & Orlovich in section Dulciolentes Soop. 
This is a cryptic species with C. dulciolens and was found to be sister to what is now known 
to be the true C. porphyroideus. This chapter was published in the New Zealand Journal of 
Botany, Nilsen et al. (2019). 
Chapter 5 introduces the python script multigene_blastnparse.py. This script ameliorates some 
of the manual database creation when performing multigene phylogenetics. It retrieves all 
known sequences from BLAST matches of the same vouchered specimen and returns matches 
in a preformatted database for easy extraction and downstream analyses. This script is used in 
chapter 3 to retrieve LSU sequences from the same specimen. 
Chapter 6 investigates the chloroplast genomes a fungal mycorrhizal host Nothofagus 
menziesii and explores the potential utility of chloroplasts in the population genetics of this 
species. The disjunct distribution of Nothofagus in New Zealand has been postulated to be 
associated with a lack of fungal inoculum in certain areas after the last glacial maximum. The 
chloroplast from two individuals were sequenced using deep and shallow (genome skimming) 
sequencing. The contribution to Cortinarius taxonomy and the potential use of chloroplasts in 
this thesis may further future studies linking fungal communities and population structures of 
host Nothofagus species. 
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Chapter 7 summarises the main findings from the previous data chapters. Moreover, it draws 
on the previous five chapters and discusses possible avenues of future research. 
These chapters are presented in a publication style as three chapters have already been 
published. Moreover, Chapter 6 will be submitted for publication in the immediate future. 
Efforts have been made to reduce the amount of repetition, however, due to minor differences 
in methodology some methods have been retained in their entirety. 
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Chapter 2 
Purple haze: Cryptic purple sequestrate Cortinarius in New Zealand 
2.1 Abstract 
Cortinarius is a species-rich ectomycorrhizal genus containing taxa that exhibit agaricoid or 
sequestrate basidiome morphologies. In New Zealand, one of the most recognizable and 
common Cortinarius species is the purple sequestrate fungus, C. porphyroideus. Genome 
skimming of the almost 100-year-old type specimen from C. porphyroideus was used to 
obtain the nuclear ribosomal internal transcribed spacer (ITS) and partial nuclear ribosomal 
28S sequences. The phylogenetic position of C. porphyroideus was established, and was 
found that it represents a rarely collected species. Purple sequestrate Cortinarius comprise 
multiple cryptic species in several lineages. Here, four new species of Cortinarius with strong 
morphological similarity to C. porphyroideus are described: Cortinarius diaphorus, C. 
minorisporus, C. purpureocapitatus, and C. violaceocystidiatus. Based on molecular 
evidence, Thaxterogaster viola is recognized as Cortinarius violaceovolvatus var. viola. 
These species are associated with Nothofagus and have very similar morphology to C. 
porphyroideus, but are all phylogenetically distinct based on molecular data. 
This chapter was published in Mycologia Nilsen et al. (2020). 
2.2 Introduction 
Cortinarius (Pers.) Gray is a speciose genus containing taxa that display either agaricoid or 
sequestrate basidiome morphology. Compared to many other regions, New Zealand has a high 
proportion of sequestrate fungi, and it has been estimated that 193–232 sequestrate species are 
present across multiple genera (Bougher and Lebel 2001). Despite this proposed high 
diversity, only 17 sequestrate Cortinarius (including Thaxterogaster viola Soop) have been 
described from New Zealand (Table 2.1). 
Cortinarius porphyroideus Peintner & M.M. Moser is a common purple secotioid fungus 
endemic to New Zealand found throughout in Nothofagus forests. Cortinarius porphyroideus 
is commonly known as the purple pouch fungus (Batchelor 2011), violet pouch fungus 
(Buchanan 2007), or the king’s pouch (Ridley 2004). It was described as Secotium 
porphyreum G. Cunn. (Cunningham 1924). In the protologue of Secotium porphyreum, 
Cunningham (1924) referred to collections from 1910 and 1922 from York Bay, Wellington, 
collected by E. H. Atkinson. Cunningham made reference to “Type, May, Aug., 1922”, and as 
such these represent syntypes. Specimen PDD10142 is dated 1922 with collectors E. H. 
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Atkinson and G. H. Cunningham from York Bay, Wellington and is the only specimen 
available that can be confidently linked to the protologue and thus a candidate for a lectotype. 
Secotium porphyreum was transferred to Thaxterogaster Singer by Singer (1953) as T. 
porphyreum (G. Cunn.) Singer. Horak (1973) referred to PDD10142 as a holotype for T. 
porphyreum, thus implicitly lectotypifying that name. Molecular phylogenetic studies have 
since shown that Thaxterogaster is not monophyletic and nested within Cortinarius (Peintner 
et al. 2001). Subsequently, 58 Thaxterogaster species were transferred to Cortinarius 
(Peintner et al. 2002c), including T. (Secotium) porphyreum, as C. porphyroideus because 
Cortinarius porphyreus E. Horak (Moser and Horak 1975) was already occupied. 
In addition to C. porphyroideus, three other species of purple sequestrate Cortinarius have 
been described from New Zealand: C. violaceovolvatus (E. Horak) Peintner & M.M. Moser, 
Thaxterogaster viola, and C. coneae (R. Heim) Peintner & M.M. Moser. Cortinarius 
violaceovolvatus has a red-brown to chestnut pileus that becomes lilac towards the margin and 
exudes a glutinous layer on the pileus and stipe (Horak 1973). Thaxterogaster viola, which 
has not been transferred to Cortinarius, differs from C. porphyroideus by the red-mauve 
coloration of the pileus and a strong scent of roses (Soop 2001). Cortinarius coneae is 
reminiscent of C. porphyroideus, but it exhibits a purple pileus with ochre-yellow veil 
remnants. Moreover, this species retains tightly packed lamellae, rather than displaying a 
hymenophore typical of sequestrate fungi (Heim 1951a). Cortinarius coneae is associated 
with Myrtaceae, whereas all of the other species of New Zealand purple sequestrate 
Cortinarius associate with Nothofagus. Secotium lilacense Berk. was described by Berkeley 
in 1867, based on a watercolor of a small, purple, sequestrate fungus growing on driftwood. 
In the absence of a type collection, growth on driftwood and small stature, S. lilacense is not 
considered to be an earlier name for C. porphyroideus or the same as any other taxon treated 
here. Secotium lilacense remains a nomen dubium. 
Here, the phylogenetic position of the type specimen of C. porphyroideus is elucidated. 
Additionally, four new species of purple sequestrate Cortinarius from New Zealand that are 
associated with Nothofagus are described: Cortinarius diaphorus, C. minorisporus, C. 
violaceocystidiatus, and C. purpureocapitatus. Based on phylogenetic evidence, 
Thaxterogaster viola is recognized as C. violaceovolvatus var. viola, thus creating the 
autonym C. violaceovolvatus var. violaceovolvatus.
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Table 2.1 Sequestrate Cortinarius from New Zealand. 
Taxa Biostatus Reference 
Cortinarius anisodorus (E. Horak) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius beeverorum Orlovich, Xin Yue Wang & T. Lebel Endemic Orlovich et al. (2014) 
Cortinarius cartilagineus (G. Cunn.) Peintner & M.M. Moser Indigenous Peintner et al. (2002) 
Cortinarius coneae (R. Heim) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius epiphaeus (E. Horak) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius flavidulus Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius leucocephalus (Massee) Peintner & M.M. Moser Indigenous Peintner et al. (2002) 
Cortinarius luteobrunneus Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius napivelatus (E. Horak) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius nivalis (E. Horak) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius ohauensis (Soop) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius peraurantiacus Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius pisciodorus (E. Horak) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius porphyroideus Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius sarcinochrous Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Cortinarius violaceovolvatus (E. Horak) Peintner & M.M. Moser Endemic Peintner et al. (2002) 
Thaxterogaster viola Soop Endemic Soop (2001) 
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2.3 Materials and methods 
2.3.1 Specimen collection 
Where fresh collections were made, basidiome samples were collected in the field and 
wrapped in paper before returning to the laboratory. Specimens were photographed using a 
digital camera (60D, Canon NZ, Auckland, New Zealand) under LED lighting (Kaiser 
StarCluster). Metadata (habit, habitat, locality, collector) were recorded, and collections were 
dried overnight in a fruit dehydrator (Ezidri Ultra FD1000 Digital Dehydrator, Upper Hutt, 
New Zealand) at 45°C and stored in snap-lock plastic bags at the Otago Regional Herbarium 
(OTA). 
2.3.2 Morphological examination 
Herbarium specimens were hand sectioned for microscopy and tissue mounted in 5% (w/v) 
KOH. Measurements were made using a compound light microscope (Olympus CH2) under 
oil immersion. Basidiospore measurements are stated as minimum and maximum values of 20 
measurements from each collection examined with the mean ± 1 SD reported in parentheses. 
Spore measurements excluded the apiculus. Q value (ratio of length to width) is reported as 
the mean ± 1 SD. Morphological terminology followed Largent (1986) and Largent et al. 
(1977). Chemical reactions with 5% (w/v) KOH were performed on dried herbarium 
specimens. In addition to the new species described, holotype specimens of C. 
violaceovolvatus (PDD27061), C. porphyroideus (PDD10142), and C. pisciodorus (E. Horak) 
Peintner & M.M. Moser (PDD27062) were examined under the light microscope. 
2.3.3 DNA extraction, PCR and sequencing 
DNA from recently dried herbarium specimens was extracted using the Plant Genomic DNA 
mini kit (Geneaid, New Taipei City, Taiwan) following the manufacturer’s protocol. Due to 
the age and condition of the type specimens C. violaceovolvatus (PDD27061), C. pisciodorus 
(PDD27062), and C. porphyroideus (PDD10142), DNA was extracted using a modified 
CTAB extraction method described in Sahu et al. (2012) with the additional modifications: 
ca. 50 mg of tissue was ground under liquid nitrogen in a 1.5 mL microcentrifuge tube, two 
volumes of suspension buffer containing 1% (w/v) polyvinylpyrrolidone, made immediately 
prior to the extraction, was added to the ground tissue. 
PCR was performed using DreamTaq Green PCR Master Mix (2 ×, Thermo Fisher, Waltham, 
Massachusetts) in 25 µL reactions as per the protocol, with 10 pmol for each primer and 1 µL 
undiluted DNA. Each reaction was supplemented with 0.1 µL 50 mg/mL bovine serum 
albumin (Invitrogen UltraPure, Carlsbad, California). Primer pairs used were: ITS1F (Gardes 
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and Bruns 1993) /ITS4 (White et al. 1990) for nuclear ribosomal internal transcribed spacer 
(ITS); ITS1F/ITS2 (White et al. 1990) for ITS1; ITS3 (White et al. 1990) /ITS4 for the ITS2 
region; LROR (Cubeta et al. 1991) /LR5 (Vilgalys and Hester 1990) for a portion of nuclear 
ribosomal 28S; nested primers RPB1-A (Stiller and Hall 1997) /RPB1_Cort1260R (Stefani et 
al. 2014), and RPB1_Cort119bF/RPB1_Cort926bR (Stefani et al. 2014) for the most variable 
region of RNA polymerase II largest subunit (rpb1); bRPB2-6F/bRPB2-7.1R (Matheny 2005) 
for the most variable region of RNA polymerase II second largest subunit (rpb2); EF1-
1018F/EF1-1620R (Stielow et al. 2015) for a portion of translation elongation factor 1-α 
(tef1). 
The PCR protocol for the full length ITS and 28S was 94°C for 2 min, then 35 cycles of 94°C 
for 30 s, 55°C for 30 s, 72°C for 1 min, then 72°C for 5 min. For separate amplification of 
ITS1 and ITS2, touchdown PCR was used; 94°C for 2 min, then 8 cycles of 94°C for 30 s, 
63°C for 45 s, 72°C for 45 s, decreasing 1°C per cycle followed by 32 cycles 94°C for 30 s, 
55°C for 45 s, 72°C for 45 s, then 72°C for 5 min. PCR protocols for the amplification of the 
relevant loci are found in Stefani et al. (2014) for rpb1, Nilsen et al. (2019, Chapter 4) for 
rpb2, and Stielow et al. (2015) for tef1. Multiple unsuccessful attempts were made at 
amplifying rpb1 for samples PDD27061, PDD71001, and OTA64113, rpb2 for samples 
PDD27061, PDD70610, and OTA64113, and tef1 for OTA61406, OTA64113, PDD27061, 
and PDD71001. PCR products were purified using columns (EconoSpin, Epoch Life Sciences 
Inc, Missouri City, Texas) following the manufacturer’s instructions, quantified using a 
spectrophotometer (Nanodrop ND-2000c), and sequenced using BigDye Terminator 3.1 cycle 
sequencing (Life Technologies, Carlsbad, California) at the Genetic Analysis Services, 
Department of Anatomy, University of Otago. 
Due to the age and condition of the type specimen of C. porphyroideus (PDD10142) attempts 
at amplifying common loci were unsuccessful. To overcome these limitations, a low 
coverage, whole genome sequencing (genome skimming) approach was adopted. A new DNA 
extraction of PDD10142 from the hymenophore using the Plant DNeasy mini kit (Qiagen, 
Hilden, Germany) followed the manufacturer’s protocol. To prevent possible contamination 
from other fungal collections, the extraction was performed in a clean area that had not been 
used for handling fungal herbarium specimens previously. DNA was submitted to Otago 
Genomics Facility for library preparation using the Takara Thruplex DNA-seq kit (Takara Bio 
USA, Mountain View, California) and sequencing using v2, 2 ´ 250 chemistry on an Illumina 
MiSeq. Data were deposited in the NCBI SRA repository: SRR10150229. 
 20 
2.3.4 Genome skimming and sequence assembly 
Raw sequences were quality-filtered and adaptor-trimmed using the default settings in 
Trimmomatic 0.36 (Bolger et al. 2014). Resulting reads were assembled de novo into contigs 
using Spades 3.11.1 (Bankevich et al. 2012) utilizing both the paired and unpaired reads from 
Trimmomatic. The unpaired reads were treated as separate single-read libraries. The ITS and 
28S regions were identified and extracted using BLASTN (Altschul et al. 1997) implemented in 
Geneious 11.1 (Biomatters, Auckland, New Zealand). Trimmed reads were mapped back to 
assembled contigs and the extracted ITS and 28S regions using Bowtie2 2.3.2 (Langmead and 
Salzberg 2012) with the high sensitivity settings in Geneious. 
2.3.5 Alignment, phylogenetic analysis and mapping 
Complementary electropherograms were assembled and edited using Geneious. Additional 
sequences that had high similarity BLAST matches (>94%) to New Zealand purple sequestrate 
Cortinarius were retrieved from GenBank with an emphasis on New Zealand sequestrate 
species. Distantly related clades were removed during preliminary phylogenetic analyses. 
Cortinarius thaumastus (PDD78804) was selected as a suitable outgroup based on Soop et al. 
(2019). Individual markers were aligned separately in Geneious using the MAFFT 7.308 E-
INS-I algorithm (Katoh and Standley 2013). Obviously misaligned bases were manually 
corrected, and the alignments were trimmed to exclude the primer sequences. The trimmed 
alignments of ITS and 28S were concatenated yielding a final length of 1717 sites. GenBank 
accession numbers of 28S and ITS sequences used in this study are in Table 2.2. GenBank 
accession numbers of ITS, tef1, rpb1, and rpb2 sequences from the Cortinarius 
violaceovolvatus clade are in Table 2.3. 
Table 2.2 Species and sequences used in this study. GenBank accession numbers in bold were 
generated for this study. 
Species Voucher ITS 28S 
Cortinarius atratus Massee270 EU084983 — 
 MEL2057704 DQ328197 — 
 Trappe18831 AF325612 — 
 TUB011923 AY669606 AY669606 
C. atropileatus OTA70424 MG367632 MN492670 
C. austrovaginatus PDD80251 MH101537 MH108377 
C. basipurpureus PERTH04259629 AY669607 AY669607 
C. beeverorum OTA60155 KC520546 MN492671 
C. bellus OTA62368 KT334138 KT334148 
C. cf. vitreofulvus  PDD107727 KT875200 KT875200 
C. collinitus TUB011832 AY669588 AY669588 
C. coneae PDD83709 MH101539 MH108378 
C. corrugatus  IB2000544 AF325611 — 
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Species Voucher ITS 28S 
C. cuphocyboides  PDD88293 AY669625 AY669625 
C. cuphomorphus PDD103680 KF727387 KF727317 
C. diaphorus  OTA70378 MN492651 — 
 OTA70402 MN492652 MN492672 
 OTA70409 MN492653 — 
 PDD107503 MG019351 MG019370 
C. dibaphoides CT4239 KY462300 — 
C. dulciolens PDD68471 JX648592 — 
C. gymnocephalus PDD88292 JX000376 JX000407 
C. juglandaceus  PDD107510 MF568045 MF568050 
C. mamoratus PDD71007 GU233350 — 
C. medioscaurus PDD73138 KJ635224 KJ635224 
C. minorisporus OTA65744 KT334135 — 
 OTA70568 MN492654  
 PDD92445 KT334131 — 
 PDD95306 KT334129 KT334142 
C. mucosus SMI264 FJ039581 FJ039581 
C. oblongisporus  Trappe1811 AF325566 — 
C. peraurantiacus PDD70818 KC520543 — 
C. perelegans  PDD70500 GU233341 GU233398 
C. pingue UBC-F17137 GQ159880 GQ159880 
C. pisciodorus PDD27062 MN492664 — 
C. porphyroideus OTA71465 MN492657  
 PDD10142 MN492679 MN483177 
 PDD106018 MH101579 MH108417 
C. purpureocapitatus OTA69695 MN492665 — 
 OTA69740 MN492666 — 
 OTA69771 MN492667 MN492675 
 OTA69863 MN492668 — 
 OTA70492 MN492669 — 
 OTA70514 MN492660  
 PDD106038 MN577081 MN577083 
 PDD90121 KT334132 KT334144 
 PDD94263 KT334130 KT334143 
C. seidliae  HT_Niskanen_09-132 KR011125 KR011125 
C. sp. 64 T833 JF960730 — 
 H1213 DQ328093 — 
 H4850 DQ328183 — 
 H5791 DQ328186 — 
 PDD72771 MH101594 — 
C. stillatitius TUB011587 AY669589 AY669589 
C. thaumastus PDD78804 NR_157873  
C. trivialis TUB020404 KJ421158 KJ421158 
C. tympanicus EN76 JX983157 — 
C. vanduzerensis VMS28 FJ717562 FJ717562 
C. violaceocystidiatus OTA64063 MN492655 MN492673 
 OTA70379 MN492656 MN492674 
C. violaceovolvatus var. viola OTA61406 JX178612 KT334150 
 OTA64113 MN577082  
 OTA70426 MN492658 — 
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Species Voucher ITS 28S 
 OTA70558 MN492659 — 
 PDD71001 KT334134 MN492678 
 PDD103546 KT334128 KT334141 
 PDD89094 GU222305 — 
C. violaceovolvatus var. violaceovolvatus  OTA70610 MN492661 MN492676 
 PDD107999 MN492663 MN492677 
 PDD27061 MN492662 — 
C. vitreofulvus PDD72615 KT833621 KT833621 
 PDD97545 KJ635243 KJ635243 
C. vitreopileatus  PDD78778 KJ635225 KJ635225 
 
The nucleotide substitution model for the concatenated ITS-28S alignment was determined in 
PartitionFinder2 using the greedy algorithm (Guindon et al. 2010; Lanfear et al. 2017). The 
alignment was analysed by Bayesian inference using MrBayes 3.2.6 (Ronquist et al. 2012) 
with a GTR+G+I model. Four independent Markov chains were run for 10 million 
generations sampling every 100 generations. The runs were determined to have converged 
when the average standard deviation of split frequencies reached < 0.01. Convergence was 
additionally verified by checking that adequate mixing had occurred and the effective sample 
size (ESS) was > 200 for each parameter in Tracer 1.7 (Rambaut et al. 2018). A Bayesian 
inference 50% majority rule tree and posterior probability values were estimated from the 
samples after discarding the first 25% (25 000) of sampled trees. The alignment was also 
analysed by maximum parsimony using PAUP* 4.0b10 (Swofford 2003). Of the 1717 sites, 
268 were parsimony informative. Most parsimonious trees were found by 1000 replicate 
heuristic searches with the tree bisection-reconnection algorithm, saving 100 trees per 
replicate and a maximum of 10 000 trees. Branch support was determined by bootstrap 
analysis of 1000 replicates with each replicate comprising 5 replicate heuristic searches, 
saving 10 trees per replicate. Results of the bootstrap analysis were transferred to 
corresponding branches on the Bayesian inference tree. Trees from both analyses were rooted 
on the branch leading to the outgroup species Cortinarius thaumastus (PDD78804). 
Phylogenetic trees were visualized in FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 
The alignment is available at TreeBASE (S25571). 
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Table 2.3 Collections and sequences from the Cortinarius violaceovolvatus clade in Figure 2.1. 
Note: GenBank accession numbers in bold were generated for this study. 
Species Voucher ITS tef1 rpb1 rpb2 
Cortinarius violaceovolvatus 
var. viola  
PDD71001 (type) KT334134 – – – 
 
OTA61406 JX178612 – MN532572 KT334157 
 OTA64113 MN577082 – – – 
 
OTA70426 MN492658 MN532577 MN532573 MN532569 
 
OTA70558 MN492659 MN532578 MN532574 MN532570 
 
PDD89094 GU222305 – – 
 
 
PDD103546 KT334128 – – KT334151 
Cortinarius violaceovolvatus 
var. violaceovolvatus  
PDD27061 (type) MN492662 – – – 
 
PDD107999 MN492663 MN532580 MN532576 MN532571 
 
OTA70610 MN492661 MN532579 MN532575 – 
 
Due to the presences of two type specimens (C. violaceovolvatus and T. viola) in the C. 
violaceovolvatus clade, additional loci (rpb1, rpb2, tef1) were sequenced from collections in 
this clade to determine if these two species can be delineated by additional DNA characters. 
Sequences from ITS, rpb1, rpb2, and tef1 were aligned from collections in the C. 
violaceovolvatus clade (Table 2.3). Alignments are available from figshare 
(https://figshare.com) under the publication title. 
Maps were created in R 3.5.1 (R Core Team, 2018) using the packages ggplot2 3.1.0 
(Wickham 2016), rgdal 1.4-4 (Bivand et al. 2019), and sf 0.7-7 (Pebesma 2018) to illustrate 
the distribution of the purple sequestrate species in New Zealand. 
2.4 Results 
2.4.1 Genome skimming of Cortinarius porphyroideus and de novo assembly 
Library preparation of DNA from the type specimen of C. porphyroideus (PDD10142) 
yielded an average fragment size of 230 bp, including the Illumina sequence adaptors. 
Sequencing resulted in 437 159 reads, of which 92% passed filtering and were used in the 
assembly. The assembly yielded 157 contigs greater than 500 bp long with a minimum mean 
coverage of five. A 100% BLAST pairwise identity was obtained along the length of the ITS 
region (between the priming site of ITS1F and ITS4) to another purple sequestrate 
Cortinarius PDD106018. This region had a mean read coverage of 18.9. The 28S fragment 
also had a 100% BLASTN pairwise identity to Cortinarius sp. PDD106018 across a 441 bp 
region with a mean coverage of 18.5. Additional markers used in phylogenetic analyses (i.e. 
rpb1, rpb2 and tef1) were not recovered from the data. 
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2.4.2 Phylogenetic position of the purple sequestrate species 
The Bayesian inference analysis had a standard deviation of split frequencies of 0.002171 
after 10 million generations. The potential scale reduction factor was 1.000, and the minimum 
EES value was greater than 6239 for all parameters sampled. The maximum parsimony 
analysis resulted in 99 800 equally parsimonious trees with a length of 846, consistency index 
= 0.482, retention index = 0.798, and a rescaled consistency index = 0.385. 
The phylogeny recovered sections Austrovaginati, Cuphomorphi, Defibulati, Dulciolentes, 
and Marmorati (Soop et al. 2019) (Figure 2.1) as monophyletic. Each of these sections had 
posterior probabilities of at least 0.82. Bootstrap support for the sections was more variable 
and ranged between 73–99%, with the exception of section Marmorati, which was not 
resolved by the maximum parsimony analysis. 
Collections of purple-coloured sequestrate Cortinarius were not monophyletic. The type 
specimen of C. porphyroideus (PDD10142) formed a clade (PP = 1.0, BS = 93%) with two 
other purple sequestrate collections: PDD106018 and OTA71465. These collections were 
nested in section Dulciolentes. Cortinarius porphyroideus is distantly related to the clade 
containing the most commonly collected purple sequestrate Cortinarius in New Zealand. 
(Figure 2.1, clade Cortinarius violaceovolvatus). Sister to C. porphyroideus is the type 
specimen of C. pisciodorus (PDD27062). Cortinarius pisciodorus is only known from the 
type specimen and described as a brown secotioid fungus with a fishlike odor (Horak 1973). 
The collections from both these species had a pairwise similarity of 99.4% and only differ by 
four base pairs across the full length of the ITS region. Closely related to the clade containing 
C. pisciodorus and C. porphyroideus PDD10142 was the recently described agaricoid C. 
atropileatus A. R. Nilsen & Orlovich, which has strong morphological similarity to C. 
dulciolens E. Horak, M.M. Moser, Peintner & Vilgalys (Nilsen et al. 2019, Chapter 4). 
Four new species of purple sequestrate Cortinarius formed well-supported clades (PP = 1.0, 
BS ≥ 98%): C. purpureocapitatus, C. violaceocystidiatus, C. minorisporus, and C. diaphorus. 
None of the new species were closely related to the clade containing the type specimen of C. 
porphyroideus. Cortinarius purpureocapitatus was nested in section Marmorati and sister to a 
clade containing the type collection of the agaricoid C. vitreofulvus Soop and other collections 
that were identified as C. vitreofulvus (PP = 0.95, BS = 63%). Cortinarius violaceocystidiatus 
was sister to the New Zealand endemic agaricoid C. cuphomorphus Soop (PP = 1.0, BS = 
99%) nested in the section Cuphomorphi. Cortinarius minorisporus was not closely related to 
any other species in this analysis. Cortinarius diaphorus was related to the sequestrate C. 
dibaphoides (E. Horak) Peintner & M.M. Moser from Patagonia associated with Nothofagus 
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pumilio. There was distinct topological variation within the C. diaphorus clade. Two clades 
were present, one weakly (PP = 0.52) and the other moderately (PP = 0.86, BS = 71) 
supported. Pairwise similarity along the length of the of the ITS region was 99.5%. While 
there was minor molecular variation in the ITS region, no consistent morphological characters 
between the subclades were identified. 
The clade containing type specimens of both C. violaceovolvatus and Thaxterogaster viola 
(Figure 2.1, clade Cortinarius violaceovolvatus) was not closely related to any other species. 
Genetic variation within this clade was evident and a weakly supported subclade present (PP 
= 0.82, BS = 56%). The basal polytomy includes the holotype of T. viola (PDD71001), while 
the other subgroup includes the holotype of C. violaceovolvatus (PDD27061). Alignment of 
ITS sequences from all collections in this clade showed a pairwise similarity of 99.6%. Of the 
eight polymorphic regions, five were the result of an expansion/contraction at the boundary of 
two adjacent homopolymer stretches between positions 488–492 in the alignment (Table 2.4). 
Sequencing of the additional markers rpb1, rpb2, and tef1 also revealed a high pairwise 
similarity; 99.8%, 99.9%, and 99.9%, respectively, for collections in this clade. Many of these 
base pair differences are due to polymorphismic sites. The name C. violaceovolvatus has 
priority and is thus the appropriate name for this clade. The lack of monophyly of those 
collections with an affinity to either the descriptions of T. viola or C. violaceovolvatus 
precluded recognition of these as distinct species. Morphological differences were 
accommodated through recognition of C. violaceovolvatus var. violaceovolvatus for those 
collections with brown colours in the pileipellis and C. violaceovolvatus var. viola for those 
collections with only violet/purple colours in the pileipellis. 
Cortinarius coneae was placed in section Austrovaginati. This section is sister to all other 
sections in the analysis, and its species are associated with both Nothofagus and Myrtaceae. 
Some New Zealand collections of C. austrovaginatus (PDD80251, PDD96958) possessed 
irregular sinuous lamellae, reminiscent of those of some secotioid fungi, but the protologue 
(from Australia; Gasparini 2007) does not mention this character state. In summary, section 
Austrovaginati contains fungi of both agaricoid (C. medioscaurus), semi-secotioid (C. 




Figure 2.1 Bayesian inference phylogeny of concatenated ITS+28S sequences. Posterior probability 
values are indicated above branches and bootstrap (%) values from the maximum parsimony 
analysis are indicated below branches. Purple sequestrate species are in bold. Sequestrate species 
are denoted by black circles. Type specimens are indicated with ‘T’ 
 27 
Table 2.4 Base pair differences in the pairwise alignment of the ITS region between specimens in the Cortinarius violaceovolvatus clade Figure 2.1. Note: 
Position of variations from the beginning of the ITS1 and ITS2 region; insertions/deletions have been counted as base pair differences. 
Species Collection Number GenBank number 
Variable 
positions from 
the beginning of 
ITS1 and ITS2 
ITS1   ITS2 
114 164 
 







488 489 490 491 492 512 
  
Cortinarius violaceovolvatus var. viola OTA61406 JX178612  A C  G G - - T C 
 OTA64113 MN577082  G Y  G G - - T C 
 OTA70426 MN492658  A C  G G - - T C 
 OTA70558 MN492659  G C  K - - T T C 
 PDD71001 (Holotype) KT334134   A C   G - - - - C 
 PDD89094 GU222305  G C  G - - - T C 
 PDD103546 KT334128  G C  G - - T T C 
Cortinarius violaceovolvatus var. violaceovolvatus OTA70610 MN492661  G C  G T T T T C 
 PDD27061 (Holotype) MN492662  G C  G G - - T Y 
 PDD107999 MN492663  G C  G K - - T Y 
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2.5 Taxonomy 
Cortinarius diaphorus Soop, A.R. Nilsen & Orlovich, sp. nov.    Figure 2.2 
MycoBank: MB832935 
Typification: NEW ZEALAND. WEST COAST: Victoria Forest Park, Lake Christabel Track 
on soil under Nothofagus menziesii and Nothofagus truncata, 16 May 2017, D.A. Orlovich 
(holotype OTA70402). GenBank: ITS = MN492652; 28S = MN492672. 
Diagnosis: Cortinarius diaphorus is distinguishable from other purple sequestrate Cortinarius 
by the lavender pileus becoming reddish in age, with pale mottling when young, and strongly 
verrucose basidiospores. 
Etymology: diaphorus (Greek), διαφορος ‘different’, as being similar, yet different from 
Cortinarius porphyroideus. 
Sporocarp secotioid, epigeous. Pileus 15–25 mm diam, broadly parabolic to subglobose with 
an incurved margin not attached to stipe, crenate-sulcate, weakly viscid, not hygrophanous, 
glabrous; lavender becoming reddish with age, with pale mottling; context 0.5 mm thick, pale 
violet in section. Hymenophore irregularly loculate, up to 3 mm long, yellow-brown to 
sienna, attached to the upper section of the stipe then becoming free, columella pale violet, 
percurrent. Stipe central, 15–45 mm × 6–10 mm, equal to subclavate, pale violet to purple, 
surface longitudinally striate to fibrillose, tapering toward the apex, fragile attachment to 
sporocarp. Veil a silvery coating that absorbs on pressure; cortina absent. Stipe context pale 
lavender to purple. Odour and taste insignificant. KOH nil on cutis and stipe. 
Basidiospores 12–16(–16.5) × 7–9(–10) µm, (13.8 ± 1.1 × 7.6  ± 0.7 µm), Q = 1.8 ± 0.2, rusty 
to tawny, obtusely ellipsoid to subamygdaloid, strongly verrucose, inamyloid. Basidia (28–
)35–42(–45) × (7–)8–10(–11) (37.5 ± 4.3 × 9.0 ± 1.1 µm), hyaline, clavate, 4-stergimate, 
sterigmata up to 5 µm long, clamp connections at bases of basidia rare. Cystidia not observed. 
Epicutis up to 50 µm thick of loosely packed hyphae, these repent, septate with occasional 
branching, clamp connections present but infrequent, hyphae hyaline, up to 3 µm diam. 
Hypocutis of irregular shaped cells, 25–60 × 10–15 µm, hyaline to pale violet without 
encrustations, clamp connections not observed. 
Ecology and distribution: Solitary to gregarious on soil associated with Nothofagus spp. in 
New Zealand. Distributed on the South Island, from central South Island to Nelson-Tasman 
region. Apr to May. 
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Additional specimens examined: NEW ZEALAND. NELSON-TASMAN: Canaan Downs 
Scenic Reserve, Harwoods Hole Track on soil under Nothofagus menziesii and Nothofagus 
fusca, 14 May 2017, A.R. Nilsen OTA70378. WEST COAST: Victoria Forest Park, Lake 
Christabel Track on soil under Nothofagus menziesii and Nothofagus truncata, 16 May 2017, 
A.R. Nilsen OTA70409; Springs Junction, Rahu, Palmer Rd growing under Nothofagus sp., 30 
Apr 2004, K. Soop PDD107503. 
 
Figure 2.2 Cortinarius diaphorus holotype (OTA70402). a. Basidiomes; b. Basidiospores, scale = 10 
µm. 
Cortinarius minorisporus X. Yue Wang, J.A. Cooper, A.R. Nilsen & Orlovich, sp. nov. 
Figure 2.3. 
MycoBank: MB813065 
Typification: NEW ZEALAND. OTAGO: Mahu whenua, Motatapu Valley, on soil under 
Nothofagus solandri var. cliffortioides, 17 May 2018, P.N. Gillette & J. Steel (holotype 
OTA70568). GenBank: ITS = MN492654. 
Diagnosis: Cortinarius minorisporus is distinguishable from other purple sequestrate 
Cortinarius by the smaller (10–13(–14) × 7–10 µm), subglobose–lacriform to elliptical 
basidiospores that are weakly verrucose. 
Etymology: minorisporus (Latin), pertains to the smaller spore size compared to other purple 
sequestrate species. 
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Sporocarp secotioid, epigeous. Pileus 30–40 mm diam, triangular-globose to globose, dry to 
subviscid with an incurved margin not attached to the stipe at maturity, entire, violet to deep 
violet, not hygrophanous, glabrous. Hymenophore locules 1–2 mm long, spherical-ellipsoidal, 
dark brown, attached to the upper section of the stipe then becoming free, columella 
percurrent. Stipe 30–50 mm × 8–10 mm, central, equal, white to violet, surface longitudinally 
striate to fibrillose, fragile attachment to sporocarp, cortina absent. Context white to white 
with a violaceus sheen. KOH nil on cutis and stipe surfaces. 
Basidiospores 10–13(–14) × 7–10 µm (11.9 ± 1.1 × 8.3 ± 0.7 µm) Q = 1.4 ± 0.1, yellow-
brown, subglobose–lacriform to elliptical, weakly verrucose, inamyloid. Basidia (30–)32–
42(–45) × (8–)9–12(–14) µm (37.0 ± 6.0 × 11.3 ± 2.3 µm), 4-sterigmate, hyaline, clavate, 
clamp connections present at the base. Epicutis up to 100 µm thick of tightly packed hyphae, 
repent, septate with occasional branching, clamp connections present, hyphae hyaline, up to 5 
µm diam. Hypocutis composed of irregular shaped cells 20–60 × 10–20 µm, hyaline to pale 
violet without encrustations, clamps not observed. 
Ecology and distribution: Solitary to caespitose on soil, under Nothofagus spp. in New 
Zealand. Found on both North and South Island, rarely collected. Feb, Apr to May. 
Additional specimens examined: NEW ZEALAND. WAIRARAPA: Tararua Forest Park, Mt 
Holdsworth, Lookout Track on soil in Nothofagus-broadleaved forest, 8 May 2007, D. 
Batchelor PDD92445; Tararua Forest Park, Mt Holdsworth on soil under Nothofagus, 13 May 
2015, D. Batchelor OTA65744. CANTERBURY: Hinewai Reserve in litter under Southern 
beech-broadleaved trees, 21 Feb 2009, P.M. Kirk PDD95306; Craigieburn, on soil under 
Nothofagus solandri var. cliffortioides, 27 Apr 2015, J.A. Cooper PDD105983. 
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Figure 2.3 Cortinarius minorisporus. a. Basidiomes (PDD95306), scale = 1 cm; b. Basidiospores 
(holotype OTA70568), scale = 10 µm. 
Cortinarius purpureocapitatus X. Yue Wang, J.A. Cooper, A.R. Nilsen & Orlovich, sp. nov. 
Figure 2.4 
MycoBank: MB813066 
Typification: NEW ZEALAND. OTAGO: Glacier Burn Track, Glenorchy on soil under 
Nothofagus, 8 May 2016, A. Chinn (holotype OTA69771). GenBank: ITS = MN492667; 28S 
= MN492675. 
Diagnosis: Cortinarius purpureocapitatus is distinguishable from other purple sequestrate 
Cortinarius by the combination of smooth spores and the presence of tramal plates in the 
hymenophore. 
Etymology: purpureocapitatus (Latin), pertaining to the purple colour of the pileus. 
Sporocarp secotioid, epigeous. Pileus 25–45 mm diam, pyriform to subglobose with an 
incurved margin not attached to stipe at maturity, occasionally with a shallow apical 
depression, subviscid to viscid, violet to dark violet, occasionally with a reddish hue, not 
hygrophanous. Hymenophore loculate, up to 3 mm long, ellipsoid, white to pale violet tramal 
plates extending almost to the edge of hymenophore can be weakly to strongly pronounced, 
brown, attached to the upper section of the stipe then becoming free, columella occasionally 
percurrent with dark violet colouration. Stipe 30–90 mm × 8–14 mm, central, equal to 
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subclavate, white to pale lavender, surface longitudinally striate, fragile attachment to 
sporocarp. Context white to white with a violaceus sheen especially at base. KOH nil on cutis 
and stipe. 
Basidiospores (10–)11–14(–15) × (6–)7–8(–9) µm (12.6 ± 1.0 × 7.1  ± 0.6 µm) Q = 1.8 ± 0.2, 
yellow-brown, elliptical to amygdaloid, smooth to finely asperulate, inamyloid. Basidia (25–
)32–40 × (7–)8–10 (32.5 ± 5.5 × 8.6 ± 0.8 µm), hyaline, clavate, 4-sterigmate, sterigmata up 
to 5 µm long, clamp connections at the base. Cystidia not observed. Epicutis up to 100 µm 
thick, loosely interwoven hyphae repent, septate with clamp connections, branching, hyphae 
hyaline, up to 4 µm diam. Hypocutis constituted by irregular shaped cells, 20–40 × 10–20 µm, 
hyaline, clamp connections not observed. 
Ecology and distribution: Solitary to caespitose on soil, found under Nothofagus spp. on the 
lower half of the South Island and North Island of New Zealand. Apr to May, Sep. 
Additional specimens examined: NEW ZEALAND. FIORDLAND: Manapouri, Borland 
Lodge Nature Track, 29 Apr 2006, R.H. Petersen PDD90121. WAIKAIA: Piano Flat Creak 
Loop Track on soil under Nothofagus fusca, 21 May 2008, R.E. Beever PDD94263. OTAGO: 
Sawyers Hut Track, Kidd's Bush, Meads Rd, Hunter Valley, on soil in Southern beech forest, 
4 Sep 2016, H. Fake & L. Wood OTA69863; Diamond Lake Car Park, Paradise Road via 
Glenorchy, on soil under Nothofagus, 6 May 2016, J. Walker OTA69695; Diamond Lake, 
Dart Valley, on soil under Nothofagus fusca, 7 May 2016, D. McLean & N. Schofield 
OTA69740; CANTERBURY: O'Malley Track, Arthurs Pass on soil under Nothofagus 
solandri var. cliffortioides, 8 May 2018, A.R. Nilsen OTA70492; ibid., on soil under 
Nothofagus solandri var. cliffortioides, 8 May 2018, S. Adams OTA70514. WELLINGTON: 




Figure 2.4 Cortinarius purpureocapitatus. a. Basidiomes (holotype: OTA69771); b. Tramal plates 
(OTA70514), scale = 5 mm; c. Basidiopores (holotype: OTA69771), scale = 10µm. 
Cortinarius violaceocystidiatus A.R. Nilsen & Orlovich, sp. nov.    Figure 2.5 
MycoBank: MB832936 
Typification: NEW ZEALAND. NELSON-TASMAN: Canaan Downs Scenic Reserve, 
Harwoods Hole Track, on soil under Nothofagus menziesii and Nothofagus fusca, 14 May 
2017, A.R. Nilsen (holotype OTA70379). GenBank: ITS = MN492656; 28S = MN492674. 
Diagnosis: Cortinarius violaceocystidiatus is distinguishable from other purple sequestrate 
Cortinarius by the dark violet to almost black pileus with pale violet mottling, presence of 
infrequent violet cystidia, and narrower basidiospores (12–15 × 5–7 µm). 
Etymology: violaceocystidiatus (Latin), referring to the infrequent purple cystidia. 
Sporocarp secotioid, epigeous. Pileus 20–35 mm diam, broadly subglobose with an incurved 
margin not attached to stipe at maturity, entire to crenate, occasionally appendiculate, 
subviscid to viscid, dark violet to almost black, not hygrophanous, pale violet mottling. 
Hymenophore locules, up to 3 mm long, ellipsoid, brown, attached to the upper section of the 
stipe then becoming free, columella percurrent. Stipe 25–80 mm × 7–12 mm, central, equal to 
tapering, white to pale violet, surface longitudinally striate, occasionally with tufts towards 
the base, fragile attachment to sporocarp. Context white with a violaceus sheen to violet. 
KOH nil on cutis and stipe. 
Basidiospores 12–15 × 5–7 µm (13.0 ± 1.0 × 6.4 ± 0.5 µm), Q = 2.0 ± 0.1, rusty to tawny, 
elliptical to amygdaloid, moderately verrucose, inamyloid. Basidia (30–)34–40(–42) × (8–
)10–12 (35.5 ± 4.0 × 9.25 ± 1.6 µm), hyaline to yellow-brown, clavate, 4-sterigmate, 
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sterigmata up to 5 µm long, clamps at the base. Cystidia (40–)45–56(–60) × (16–)18–23 µm 
(49.0 ± 6.5 × 19.1 ± 2.4 µm), infrequent, violet, clavate to sphaeropedunculate. Epicutis up to 
120 µm thick, loosely packed hyphae repent, septate with occasional clamp connections, 
branching, hyphae hyaline, up to 6 µm diam. Hypocutis irregular shaped cells, 20–50 × 10–25 
µm, hyaline to pale violet, clamp connections not observed. 
Ecology and distribution: Gregarious on soil, known only from the Nelson-Tasman region in 
the South Island of New Zealand. May. 
Additional specimen examined: NEW ZEALAND. NELSON-TASMAN: Heaphy Track, 
Brown River, on soil in mixed forest containing Nothofagus spp., Kunzea spp., podocarps and 
other broadleaf trees, 15 May 2015, M. Meikle OTA64063. 
 
Figure 2.5 Cortinarius violaceocystidiatus holotype (OTA70379). a. Basidiomes; b. Basidiospores, 
scale = 10 µm; c. Cystidia and basidia, scale = 25 µm. 
Cortinarius violaceovolvatus var. violaceovolvatus (E. Horak) Peintner & M.M. Moser, 
Mycotaxon 81:182. 2002. Figure 2.6a 
MycoBank: MB484738 
º Thaxterogaster violaceovolvatus E. Horak [as 'violaceovolvatum'], Beih Nova Hedwigia 
43:95. 1973. 
Specimen examined: NEW ZEALAND, TASMAN, Lake Rotoiti, Track to St. Arnaud Range, 
on ground under Nothofagus cliffortioides, N. menziesii and N. fusca, 05 May 1968, E. Horak 
(holotype PDD27061). GenBank: ITS = MN492662. 
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Cortinarius violaceovolvatus var. viola (Soop) A.R. Nilsen & Orlovich, comb. nov. & stat. 
nov. Figure 2.6b 
MycoBank: MB832939 
º Thaxterogaster viola Soop Bull Soc Mycol Fr 117:125. 2001. 
Specimens examined: NEW ZEALAND. HAAST PASS, Cameron Flat, under Nothofagus, 19 
Apr 1999, K. Soop (holotype PDD71001). GenBank: ITS = KT334134; 28S = MN492678. 
GISBORNE: Matawai Conservation Area, Te Wera Reserve, northwest corner, under Nothofagus, 13 
May 2013, T. Lebel PDD103546. TASMAN: Canaan Downs Scenic Reserve, Harwoods Hole Track, 
on soil under Nothofagus menziesii and Nothofagus fusca, 16 May 2014, B. Kahlert OTA64113; 
Takaka Hill Walkway, on soil under Nothofagus menziesii, 10 May 2018, K.J. Nilsen OTA70558. 
WEST COAST: Springs Junction, Lake Daniells Track, under Nothofagus menziesii and Nothofagus 
fusca, 9 May 2006, I. Dickie & G. Mueller PDD89094. OTAGO: Catlins River Walk, on soil under 
Nothofagus menziesii, 23 May 2009, OTA61406; Catlins River Walk, on soil under Nothofagus 
menziesii, 1 July 2017, S.L. Freiburger OTA70426. 
Notes: Cortinarius violaceovolvatus var. viola and C. porphyroideus are morphologically very 
similar (Table 2.5). Macroscopically, they both exhibit a very similar colour and stature with 
C. violaceovolvatus var. viola displaying a lilac to purple-red hue on the pileus (Figure 2.6b) 
and collections of C. porphyroideus a more pastel violet or dull violet colour without mottling 
(Figure 2.6f–g). Additionally, C. violaceovolvatus var. viola can occasionally emit a 
honey/floral fragrance. Microscopically, C. porphyroideus has slightly wider spores on 
average. The paucity of differentiating characters means sequencing of the ITS region is 
required for a positive identification. Cortinarius porphyroideus has only been collected from 
the East Harbour area in Wellington in contrast to C. violaceovolvatus var. viola, which is 
widely distributed (Figure 2.7a). 
Neither C. violaceovolvatus var. violaceovolvatus nor C. violaceovolvatus var. viola are 
monophyletic.  Collectively, sequences of Cortinarius violaceovolvatus var. violaceovolvatus 
and C. violaceovolvatus var. viola have a high pairwise sequence similarity (99.6%) and are 
together monophyletic in the phylogeny. Despite this they are macroscopically very different 
(Table 2.5). Cortinarius violaceovolvatus var. violaceovolvatus has a red-brown to chestnut 
pileus that becomes lilac toward the margin. Moreover, it has a thick glutinous layer on the 
pileus and stipe that can form a membranous ring (also referred to as a volva by Horak 1973) 
at the base of the stipe Figure 2.6a). By contrast, C. violaceovolvatus var. viola has a violet to 
dark violet pileus that occasionally exhibits a reddish hue. While this variety can be viscid to 
strongly viscid, it does not produce a thick glutinous layer like C. violaceovolvatus var. 
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violaceovolvatus. Cortinarius violaceovolvatus var. violaceovolvatus is only known from two 
locations on the North and South Island (Figure 2.7b) in contrast to the wide distribution of C. 
violaceovolvatus var. viola (Figure 2.7a).
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Table 2.5 Diagnostic characters of purple sequestrate Cortinarius species. 





C. coneae purple with ochre-
yellow veil remnants 
lamellate 12–14 7–8 sublimoniform strong broad warts 
with perisporium — 
C. diaphorus lavender, becoming 
reddish age 
loculate 12–16(–16.5) 7–9(–10) obtusely ellipsoid to 
subamygdaloid 
strongly verrucose — 
C. minorisporus violet to deep violet loculate 10–13(–14) 7–10 subglobose–lacriform 
to ellipsoid 
weakly verrucose — 
C. porphyroideus pastel violet to dull 
violet  
loculate 12–15.0(–16.5) 7–10 ellipsoid to ellipsoid-
oblong 
moderately to 
strongly verrucose — 
C. purpureocapitatus violet to dark violet loculate (10–)11–14(–15) (6–)7–8(–9) ellipsoid to amygdaloid smooth to finely 
asperulate 
tramal plates 
C. violaceocystidiatus dark violet to almost 
black with pale 
mottling 




C. violaceovolvatus var. 
viola 
lilac to purple-red loculate 12–15(–16) 6.5–9 ellipsoid moderately to 
strongly verrucose — 
C. violaceovolvatus var. 
violaceovolvatus 
red-brown to chestnut 
becoming lilac toward 
the margin 









Figure 2.6 Cortinarius violaceovolvatus var. violaceovolvatus, C. violaceovolvatus var. viola, and C. 
porphyroideus. a. Basidiomes of C. violaceovolvatus var. violaceovolvatus (OTA70610); b. 
Basidiomes of C. violaceovolvatus var. viola (OTA64113); c. Basidiospores of C. violaceovolvatus 
var. violaceovolvatus (OTA70610); d. Basidiospores of C. violaceovolvatus var. viola (OTA64113); e. 
Basidiospores of Cortinarius porphyroideus (OTA71465); f. Basidiomes of Cortinarius porphyroideus 
(PDD106018). g. Basidiomes of Cortinarius porphyroideus (OTA71465). Scales: Basidiomes = 1 cm, 
basidiospores = 10 µm. 
Cortinarius porphyroideus Peintner & M.M. Moser, Mycotaxon 81:182. 2002. Figure 2.6c–d 
 º Secotium porphyreum G. Cunn., Proc Linnean Soc New South Wales 49:114. 1924 
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Specimens examined: NEW ZEALAND. WELLINGTON, York Bay, on ground in beech 
forest, 1922, E.H. Atkinson & G.H. Cunningham (lectotype PDD10142 designated by Horak 
(1973) p. 93 [erroneously as “Holotype”], MBT152116). GenBank: ITS = MN492679; 28S = 
MN483177; Butterfly Creek, on dead log under Nothofagus truncata, 16 Apr 2016, J.A. 
Cooper PDD106018; Kaitawa Road Track, East Harbour Park, on soil under Nothofagus 
solandri, 10 May 2019, G.S. Ridley OTA71465. 
Cortinarius pisciodorus (E. Horak) Peintner & M.M. Moser, Mycotaxon 81:181. 2002. 
º  Thaxterogaster pisciodorus [as ‘pisciodorum’], Beih Nova Hedwigia 43:97. 1973. 
Specimen examined: NEW ZEALAND. CANTERBURY: Mt. Grey, ‘Kowhai Bush’, 1967, 
Benecke & Horak (holotype PDD27062). GenBank: ITS = MN492664. 
Notes: The high sequence pairwise similarity (99.4%) between the holotype of C. pisciodorus 
and C. porphyroideus necessitated a closer morphological examination to determine if these 
species should continue to be recognized as separate species. Cortinarius pisciodorus and C. 
porphyroideus can be macroscopically delineated on the brown (C. pisciodorus) or pastel 
violet to dull violet (C. porphyroideus) colouration of the sporocarp. Cortinarius pisciodorus 
is further recognized by the strong odour of rotting fish. Both species have similar spore size 
and ornamentation with spores from the holotype of C. pisciodorus having a range and mean 
size of 12–14(–15) (13.4 ± 0.9) × 7–9 (8.1 ± 0.6) µm and spores from C. porphyroideus 12–
15.0(–16.5) (13.5 ± 1.0) × 7–10 (8.3 ± 0.8) µm. Cortinarius pisciodorus is only known from 
the type locality (Figure 2.7c). Due to the morphological differences and the lack of additional 
collections of C. pisciodorus, these species are left as separate species. 
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Figure 2.7 Distribution of purple sequestrate Cortinarius in New Zealand. a. C. porphyroideus and C. 
violaceovolvatus var. viola; b. C. coneae and C. violaceovolvatus var. violaceovolvatus; c. C. 
diaphorus, C. minorisporus, and C. pisciodorus; d. C. purpureocapitatus and C. violaceocystidiatus. 
Coordinates used in the maps are available at figshare under the publication title. 
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Key to purple sequestrate Cortinarius from New Zealand 
1  Pileus chestnut brown becoming violaceous toward the margin   
       C. violaceovolvatus var. violaceovolvatus 
1′ Pileus mostly violet–purple        2 
2 Associated with Leptospermum or Kunzea. Tightly packed lamellae C. coneae 
2′ Associated with Nothofagus. Not lamellate      3 
3 Pileus mottled          4 
3′ Pileus not mottled         5 
4 Pileus dark violet to almost black; spores elliptical to amygdaloid, 12–14(–15) × 5–7 
µm, moderately verrucose; violet cystidia present (occasional) C. violaceocystidiatus 
4′ Pileus lavender-pastel violet becoming reddish with age; spores obtusely elliptical to 
subamygdaloid, 12–15(–17) × 7–9(–10) µm, strongly verrucose; cystidia absent.  
          C. diaphorus 
5  Spores smooth to finely asperulate    C. purpureocapitatus 
5′ Spores verrucose         6 
6 Spores mostly lacriform to subglobose, weakly verrucose  C. minorisporus 
6′ Spores mostly ellipsoid, moderately to strongly verrucose    7 
7 Pileus lilac to purple-red    C. violaceovolvatus var. viola* 
7′ Pileus dull violet       C. porphyroideus* 
* C. violaceovolvatus var. viola and C. porphyroideus are cryptic species. However, C. 
violaceovolvatus var. viola is widely distributed throughout New Zealand, while C. 
porphyroideus is currently only known from three closely located sites in East Harbour, 
Wellington (Figure 2.7a). The distribution of all New Zealand purple sequestrate Cortinarius 
is depicted in Figure 2.7a–d. 
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2.6 Discussion 
Herbaria are an invaluable resource of specimens for scientific research. However, DNA in 
specimens can degrade rapidly with time, particularly if the specimens have not been 
optimally preserved (Kuzmina et al. 2017; Korpelainen and Pietiläinen 2019). The 
degradation of DNA can make sequencing using traditional methods unsuccessful, and so 
inferences cannot be made on their phylogenetic position or taxonomic status. This is of 
particular concern for many old type specimens. Here, genome skimming of the 97-year-old 
type specimen of Cortinarius porphyroideus revealed the misapplication of the name C. 
porphyroideus to collections of C. violaceovolvatus var. viola and those new species 
described in the present study. Genome skimming allows the recovery of highly repetitive 
regions like organelle and ribosomal DNA and has been successfully utilized in sequencing 
loci for phylogenetics from old herbarium specimens that are resistant to traditional 
sequencing techniques (Bakker et al. 2016; Zeng et al. 2018). 
This study increases the number of sequestrate Cortinarius species in New Zealand from 17 
to 20, with one species (C. violaceovolvatus) containing two varieties, seven (35%) of which 
are purple. The cryptic nature of the purple sequestrate Cortinarius species, however, makes 
their correct identification difficult. This is reflected in the description of C. porphyroideus by 
Horak (1973), who noted that C. porphyroideus [s.l.] “represents one of the most common 
fungi in all types of New Zealand Nothofagus forests”. Here, it has been shown that C. 
porphyroideus s.str. is only known from the East Harbour region of Wellington. A 
combination of macro- and micro-morphological characteristics, and ultimately sequencing of 
the ITS region, are recommended for correct identification of these species. In addition to the 
four new species, C. violaceovolvatus is recognized to contain C. violaceovolvatus var. 
violaceovolvatus and C. violaceovolvatus var. viola. 
Despite the difference in pileus colour between the two varieties of C. violaceovolvatus, the 
two varieties were not monophyletic in the phylogeny. The evolution of different 
morphological characters, without a divergence in traditionally used molecular loci, has been 
reported elsewhere. A number of such morphospecies are known in Cortinarius, for example, 
the pair C. ionochlorus–C. atrovirens and the pair C. claroflavus–C. xanthophyllus in the 
Northern Hemisphere (Garnica et al. 2009, 2016; Garrido-Benavent et al. 2015). There are 
even cases where one form is agaricoid, the other sequestrate, such as in the pair C. 
trichocarpus and C. ohauensis in New Zealand (99.0% similarity) (Soop 2016; Soop et al. 
2019). Intraspecific forms have been described on the basis of spore ornamentation in 
Laccaria (Vizzini et al. 2011b), macromorphological features in Macrolepiota (Vizzini et al. 
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2011a), Hebeloma (Rees et al. 2013), Gymnopilus (Moser et al. 2001), and the sequestrate 
habit in Setchelliogaster (Lago et al. 2001). 
Cortinarius pisciodorus (PDD27062) was found to be sister to C. porphyroideus. These 
collections had a pairwise similarity of > 99%. Cortinarius pisciodorus is a robust, secotioid 
fungus described from a single collection (PDD27062) found on Mt Grey, Canterbury, New 
Zealand. It has a dark brown pileus and, as the name suggests, a strong odour of rotten fish 
(Horak 1973). While C. porphyroideus and C. pisciodorus exhibit different colourations of 
the pileus, they share very similar spore and basidium morphologies. Due to the lack of 
additional collections of C. pisciodorus, it is not possible to determine if these collections 
represent separate species. 
The congruence of both the secotioid morphology and purple colouration is striking. Beever 
(1993) and Beever and Lebel (2014) postulated that the bright colours exhibited in many New 
Zealand sequestrate fungi may mimic that of mature fruits. Generally, fruit colour can be 
classified into two main categories: yellow, brown, or green fruits with strong odours are 
consumed by mammals, and red, blue, black, or white fruits with little odour are eaten by 
birds or reptiles (Janson 1983; Willson and Whelan 1990; Lord and Marshall 2001; Caro and 
Allen 2017). Pre-human New Zealand was almost totally devoid of terrestrial mammals, with 
the exception of four endemic species of bats (Worthy and Holdaway 2002; Hand et al. 2018). 
Due to the lack of mammals, and the diversity and abundance of ground-based birds and 
reptiles, it has been suggested that the brightly coloured sequestrate fungi are an adaptation to 
bird or reptile dispersal (Beever 1993; Beever and Lebel 2014). Yet, few direct observations 
of birds feeding on fungi have been reported, e.g., kākāpō from nineteenth century explorers 
(Powlesland et al. 2006) and North Island robin (Petroica longipes) (Medway 2000). Records 
of mycophagy in New Zealand reptiles is scant but reptilian mycophagy is recorded elsewhere 
(Elliott et al. 2019). Some New Zealand plants produce purple fruits, including, but not 
limited to Melicytus ramiflorus, Myrsine divaricata, Griselinia littoralis and Dianella nigra. 
Whether birds are able to discern the difference between fallen purple fruits and purple 
sequestrate fungi is not known. Molecular evidence from the analyses of ancient 18S rDNA 
extracted from moa (Dinornithiformes) and kākāpō (Strigops habroptilus) coprolites revealed 
two Cortinarius OTUs, indicating that moa and kākāpō did, at least sporadically, consume 
fungi (Boast et al. 2018). Whether or not the ingested Cortinarius were sequestrate remains to 
be determined by sequencing a more variable locus like the ITS region. Alternative 
hypotheses for agents that drive the selection of New Zealand sequestrate fungi have been 
proposed, including foraging by bats (Atkinson 2018), some of which were known to forage 
on the ground in New Zealand (Hand et al. 2018). In the case of secotioid fungi, elevation of 
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the hymenium above the ground could prevent rotting in wet environments (Beever and Lebel 
2014). The new species all exhibit a fragile attachment of the pileus to the stipe, allowing easy 
detachment of the pileus. Soop (2018) postulated that the fragile attachment of C. 
porphyroideus [s.l.] could aid in propagule dispersal. It is conceivable that this adaptation 
may facilitate dispersal by animals, however, this adaptation could also facilitate dispersal by 
abiotic means via wind, water, and soil movement. 
New Zealand has a unique geological and biological history that has shaped its current biota, 
including sequestrate fungi. Further research into the possible processes, including external 
selective forces and molecular mechanisms that drove the transition of agaricoid to 
sequestrate fungi is required to increase our knowledge of these interesting fungi. 
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Chapter 3 
Studies of New Zealand Cortinarius: resolution of taxonomic 
conflicts in section Subcastanelli (Agaricales), new species and key 
to rozitoid species  
3.1 Abstract 
Cortinarius is a speciose genus of mycorrhizal fungi that contains many cryptic and difficult 
to delineate taxa. Correct identification can be confounded for species where no genetic 
information is available from their respective type specimens. Cortinarius section 
Subcastanelli is known to contain several species for which there is ambiguity around their 
true identity, i.e. C. epiphaeus, C. subcastanellus and C. taylorianus. For examples, it has 
been long hypothesised that C. napivelatus is conspecific with C. epiphaeus. In this study, the 
nuclear ribosomal internal transcribed spacer (ITS) region was sequenced from the holotypes 
of the afore mentioned species. The ITS sequences and morphological characteristics 
indicated that C. epiphaeus and C. napivelatus were conspecific. Consequently, C. 
napivelatus was synonymised with C. epiphaeus. Based on morphological and molecular 
evidence, it is shown that the protologue of C. subcastanellus is a mixture of two species. 
Consequently, the morphologically similar C. wallacei is synonymised with C. 
subcastanellus, the protologue of C. subcastanellus is emended and the new species C. 
cesarioanus is erected. Similarly, C. taylorians was found to be polyphyletic. The holotype 
from C. taylorianus was nested in section Archeriani while a paratype in section 
Subcastanelli. As the protologue is consistent with the clade containing the type, no 
emendations are required. In addition to the species in Subcastanelli, a new species in 
Delibuti is described: C. viridipileatus. This species is distinctive in section Delibuti in having 
a green pileus with mauve lamellae. Finally a key to the New Zealand rozitoid species is 
presented. 
This chapter was published in the New Zealand Journal of Botany Nilsen et al. (2021) 
3.2 Introduction 
In the pre-molecular era, taxonomic descriptions of basidiomycete species were based almost 
solely on morphology (Kidd et al. 1985; Esteve-Raventós et al. 2001). With the increasing 
availability, and improvement in sequencing technologies it has become apparent that cryptic 
species are not uncommon. This is becoming even more evident as fungaria sequence their 
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inventory of collections. Recent studies have found undescribed cryptic species masquerading 
under single named species (Kytövuori et al. 2005; Liimatainen et al. 2014; Nilsen et al. 2019, 
Chapter 4; 2020b, Chapter 2). In addition to discovering cryptic species, studies using DNA 
sequence data have unveiled relationships between genera that were thought to be 
monophyletic are in fact polyphyletic and synonymous with Cortinarius (Peintner et al. 2001, 
2002a). Therefore, a combination of DNA sequence data and morphological characters are 
advantageous in the delineation of species. Correct determination of species and their 
descriptions has wider implications for biodiversity analyses, particularly linking DNA 
barcodes to species (Miller 2007; Nilsen et al. 2020a), IUCN red list accuracy (Scherz et al. 
2019) and life history studies (Kress et al. 2015). 
Cortinarius is a speciose genus of fungi that contains multiple sections to assist with 
classification. One such section is Subcastanelli Soop. Section Subcastanelli is currently only 
known to contain New Zealand species associated with Nothofagus (Soop et al. 2019). The 
section contains mostly robust fungi with rozitoid (having a membranous annulus instead of a 
cortina), cuphocyboid (lacking a cortina), myxacioid (having a viscid to glutinous cap and 
stipe) or sequestrate habits (having an enclosed hymenium) (Soop et al. 2019). In this section 
are three relatively conspicuous species: C. subcastanellus E. Horak, Peintner, M.M. Moser & 
Vilgalys, C. epiphaeus (E. Horak) Peintner & M.M. Moser and C. taylorianus E. Horak. 
Cortinarius subcastanellus was described as Rozites castanella E. Horak & G.M. Taylor 
(Horak and Taylor 1981). It is a large, chestnut-brown, glutinous fungus with veil remnants 
on the pileus, a membranous annulus and occasionally a marginate bulb. This species was 
later transferred to Cortinarius (Peintner et al. 2002b) as it was found to be nested therein in a 
molecular phylogeny (Peintner et al. 2002a). Cortinarius subcastanellus has strong 
morphological similarities with C. wallacei Soop, also in section Subcastanelli. Cortinarius 
wallacei can be distinguished from C. subcastanllus by the absence of pileal veil remnants, 
position of annulus on the stipe and the strongly dextrinoid spores. 
Cortinarius epiphaeus is a tan brown, secotioid fungus that was described as Thaxterogaster 
epiphaeum E. Horak (Horak 1973). Cortinarius epiphaeus is reminiscent of C. napivelatus (E. 
Horak) Peintner & M.M. Moser, which was described in the same publication as 
Thaxterogaster napivelatus E. Horak. Both C. epiphaeus and C. napivelatus have since been 
transferred to Cortinarius (Peintner et al. 2002c). Cortinarius napivelatus can only be 
separated from C. epiphaeus on the length of the stipe the occasional presence of a marginate 
bulb. Because of the strong morphological similarities between these species, Soop (2018) 
suggested that C. napivelatus may be a form of C. epiphaeus and Soop et al. (2019) found 
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collections labelled with either species names fell into the same clade in a molecular 
phylogeny. 
Cortinarius taylorianus E. Horak is a robust, glutinous, agaricoid fungus (Horak and Wood 
1990). It also has violaceous hues on the pileus and gills particularly when young. Some 
ambiguity around the true identity of this fungus exists as sequenced collections of this 
species [s.l.] are known to fall in different sections. A paratype of this species, NZ858, is 
placed in section Subcastanellus as a singleton, however other collections with strong 
morphological similarities to each other are placed in the section Archeriani M.M Moser & E. 
Horak (Soop et al. 2019). No sequences are currently available for the holotype of this 
species.  
Another Cortinarius section in New Zealand with many uncertain identities and undescribed 
species is Delibuti (Fr.) Sacc. This section is bi-hemispherical and contains species from 
Europe, South America and Australasia (Soop et al. 2019). It is characterised by members 
with rounded spores and a viscid to glutinous veil (Soop et al. 2019). One undescribed 
member of Delibuti from New Zealand has a conspicuous, green pileus. While this 
undescribed species had been known for some time, it lacked a description because few 
collections of this species had been made. 
Here, nuclear ribosomal DNA was sequenced from the type specimens of C. subcastanellus, 
C. epiphaeus, C. napivelatus and C. taylorianus and their phylogenetic positions were 
determined. Based on monophyly and morphology, the following species are synonymised: C. 
napivelatus is synonymised with C. epiphaeus, and C. wallacei is synonymised with C. 
subcastanellus. Morphological evidence indicates that the protologue of C. subcastanellus 
contains two species and Cortinarius cesarioanus is erected to accommodate a monophyletic 
group of collections that are morphologically similar to C. subcastanellus but 
phylogenetically distinct. Sequence data from the holotype of C. taylorianus places it in 
section Archeriani, whereas the paratype collection is in section Subcastanelli. Because the 
relationship of the paratype to C. cesarioanus is only weakly supported, additional collections 
are required for further description. Despite the phylogenetic disparity between the holotype 
and paratype, the protologue of C. taylorianus does not required emendation as the protologue 
is consistent with the clade in which the holotype is placed. Additionally, C. viridipileatus, a 
robust green mushroom in section Delibuti is described. This chapter has been published in 
the New Zealand Journal of Botany.  
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3.3 Materials and methods 
3.3.1 Specimen collection 
Specimens were collected, dehydrated and deposited at the Otago Regional Herbarium as per 
section 2.3.1. 
3.3.2 Morphological examination 
Morphological examination using bright field microscopy was performed as per section 2.3.2. 
Scanning electron microscopy of spores was achieved by gently pressing dried lamellae 
fragments on to carbon tape mounted on stubs. Specimens were coated with gold/palladium to 
a thickness of 10 nm using a sputter coater (Emitech K575X). Electron micrographs of spores 
were taken with a scanning electron microscope (JEOL 6700F FE- SEM). Scanning electron 
micrographs were used to aid the description of spore ornamentation, however spore 
descriptions are based on observations made under a light microscope. 
3.3.3 DNA extraction, PCR and sequencing 
DNA was extracted from dried herbarium specimens using a DNeasy Plant Mini Kit (Qiagen) 
following the manufacturer’s protocol. Polymerase chain reactions (PCR) of the nuclear 
ribosomal internal transcribed spacer (ITS) region and the nuclear ribosomal 28S were 
performed in 25 µL reactions using DreamTaq Green PCR Master Mix (2 ´, Thermofisher). 
Each reaction contained 10 pmol of each primer and 1 μL undiluted DNA, supplemented with 
0.1 μL 50 mg/mL bovine serum albumin (Invitrogen UltraPure). Primers pairs used were: 
ITS1f (Gardes and Bruns 1993)/ITS4 (White et al. 1990) for the full ITS region; ITS1F/ITS2 
(White et al. 1990) for ITS1; ITS3 (White et al. 1990)/ITS4 for the ITS2 region; LROR 
(Cubeta et al. 1991) /LR5 (Vilgalys and Hester 1990) for a portion of the 28S. 
The PCR protocol for the full length ITS, separate ITS regions and 28S region was 94°C for 2 
min, then 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, then 72°C for 5 min. PCR 
products were purified using a PureLink PCR Purification Kit (Invitrogen) following the 
manufacturer’s instructions, quantified using a spectrophotometer (Nanodrop ND-2000c) and 
sequenced using BigDye Terminator v.3.1 cycle sequencing (Life Technologies) by Genetic 
Analysis Services, Department of Anatomy, University of Otago. 
Attempts at sequencing ITS2 PCR products from the holotype from C. napivelatus 
(PDD27069) resulted in noisy electropherograms. Consequently, PCR fragments from ITS2 
were cloned using a TA Cloning Kit, with pCR2.1 Vector (Invitrogen) following the 
manufactures instructions. Plasmids were extracted and purified using PureLink Quick 
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Plasmid Miniprep Kit (Invitrogen). The inserts were sequenced using ITS3/4 primers. 
Repeated attempts at amplifying the ITS regions from the paratypes (PDD8393 & 
PDD26300) were unsuccessful. 
Multiple attempts at amplifying the separate ITS regions from the holotype of C. epiphaeus 
(PDD27064) were unsuccessful. To circumvent this, genome skimming, a low depth, whole 
genome sequencing approach was used. A new DNA extraction using a DNeasy Plant Mini 
Kit (Qiagen) following the manufacturer’s protocol was performed. DNA was submitted to 
Otago Genomics Facility for library preparation using the Takara Thruplex DNA-seq kit 
(Takara Bio) and sequencing using v2, 2 ´ 250 chemistry on an Illumina MiSeq. Data were 
deposited in the NCBI SRA repository: SRR11182916. 
3.3.4 Genome skimming sequence assembly 
The ITS and 28S regions from C. epiphaeus were processed as per section 2.3.4. 
3.3.5 Alignment and phylogenetic analysis 
Electropherograms were assembled and edited using Geneious. Additional sequences that had 
BLASTN matches to C. viridipileatus and C. taylorianus were retrieved from GenBank using 
the custom biopython (Cock et al. 2009) script, multigene_blastnparse.py that identifies 
additional loci (e.g. 28S) for voucher specimens (Chapter 5, 
https://github.com/arnilsen/Multigene-blastnparse). Moreover, sequences in relevant sections 
identified in Soop et al. (2019) were retrieved from GenBank. Distantly related clades were 
removed in preliminary phylogenetic analyses. Cortinarius thaumastus (PDD78804) was 
selected as the outgroup based on Soop et al. (2019). Sequences were aligned using the 
MAFFT 7.308 E-INS-I plugin in Geneious. Obviously misaligned bases were manually 
corrected. Aligned loci were concatenated yielding a final length of 1693 bp. GenBank 
accession numbers of all sequences used in this study are indicated in Table 3.1. The 
alignment is available on TreeBASE Study Accession: 
http://purl.org/phylo/treebase/phylows/study/TB2:S26831. 
The alignment was analysed by maximum parsimony analysis using PAUP* 4.0b10 for Unix 
(Swofford 2003). Of the 1693 characters, 234 were parsimony informative and 1459 were 
excluded from the analysis. Most parsimonious trees were found by 1000 replicate heuristic 
searches with the tree bisection-reconnection algorithm, saving 100 trees per replicate and a 
maximum of 10,000 trees. Branch support was determined by bootstrap analysis of 1000 
replicates, with each replicate comprising 5 replicate heuristic searches, saving 10 trees per 
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replicate. Results of the bootstrap analysis were transferred to corresponding branches on the 
Bayesian inference tree. 
Table 3.1 Species and sequences used in this study. GenBank accession numbers in bold were 
generated in this study. 
Species Collection Country ITS LSU 
Cortinarius archeri Lovers Jump Creek, unvouchered Australia AF112142 – 
 PERTH05506395 Australia AY669610 AY669610 
C. calaisopus PDD103678 New Zealand KF727395 KF727338 
 PDD80264 New Zealand MH101538 – 
C. canovestitus PDD103633 New Zealand KF727351 KF727294 
 PDD103667 New Zealand KF727353 KF727297 
C. cesarioanus NZ814 New Zealand AY033109 – 
 NZ8503 New Zealand AY033110 – 
 NZ8533 New Zealand AY033111 AY033130 
 OTA61939 New Zealand MT921421 – 
 OTA62097 New Zealand MT921422 – 
 OTA62371 New Zealand MT921423 – 
 OTA62379 New Zealand MT921424 – 
 OTA62394 New Zealand KU523946 KU523956 
 OTA64038 New Zealand MT921425 – 
 OTA65681 New Zealand MT921426 – 
 OTA65683 New Zealand KU523947 KU523957 
 OTA69778 New Zealand MT921427 – 
 PDD103689 New Zealand KF727357 KF727298 
 PDD103769 New Zealand MK358112 MK358076 
 PDD71287 New Zealand MT921428 – 
 PDD72498 New Zealand MT921429 – 
 PDD95557 New Zealand MH101547 MH108386 
C. cf. calaisopus CM13 099BIS – KY774137 – 
C. cf. salor F15960 Canada FJ157099 FJ157099 
 F16020 Canada FJ157082 FJ157082 
C. delibutus F17048 Canada FJ717515 FJ717515 
 F17083 Canada FJ717516 FJ717516 
 OS574 Norway KC842441 KC842511 
 TUB011834 – AY669587 AY669587 
C. epiphaeus PDD100213 New Zealand KU523943 KU523955 
 PDD107515 New Zealand MG019357 MG019366 
 PDD27064 New Zealand MT363100 MT363111 
 PDD27069 New Zealand MT363102 – 
C. holojanthinus CT4387 Argentina MH930230 – 
 DAOM198883 – AF325556 – 
 EN166 CORD Argentina JX983159 – 
C. illibatus DAVFP 26562 Canada EU821685 EU821685 
 IB1963414 Argentina AF389128 AF388751 
C. ohauensis PDD103877 New Zealand KF727355 KF727336 
 PDD68472 New Zealand JX648593 – 
C. rotundisporus NZ8501 New Zealand AF389127 AF388760 
 OTA60317 New Zealand MN846490 – 
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 PDD96298 New Zealand MH101550 MH108389 
 PERTH05255074 Australia AY669612 AY669612 
 PERTH06662277 Australia MG553041 – 
 Lovers Jump Creek, unvouchered Australia AF112144 – 
C. salor TUB011838 Germany AY669592 AY669592 
C. sp. CY13 013 – KY774066 – 
 CY13 095 – KY774083 – 
 Lr04 Australia AF136739 – 
 MES527 Chile KY462498 – 
 PGK13 142 – KY774118 – 
C. subcastanellus NZ800 New Zealand AY033112 – 
 OTA61882 New Zealand KU523941 KU523953 
 OTA61988 New Zealand KU523942 KU523954 
 PDD27161 New Zealand MT363103 – 
 PDD96316 New Zealand MH101552 MH108391 
 PDD97543 New Zealand KJ635242 KJ635242 
C. taylorianus NZ858 New Zealand AY033106 – 
 OTA61965 New Zealand MT921419 MT919315 
 OTA62110 New Zealand MT363104 – 
 OTA62367 New Zealand MT363106 – 
 OTA71453 New Zealand MT363105 – 
 PDD107692 New Zealand MH101581 – 
 PDD110201 New Zealand MT921420 – 
 PDD27259 New Zealand MT363110 – 
 PDD75824 New Zealand MT363107 MT361764 
 PDD82784 New Zealand MT363108 MT361765 
 PDD94021 New Zealand MT363109 – 
 PDD99319 New Zealand MT921415 – 
 PDD99512 New Zealand MT921416 – 
 PDD99585 New Zealand MT921417 – 
 PDD99614 New Zealand MT921418 – 
C. tessiae PDD70504 New Zealand JQ287669 – 
 PDD72611 New Zealand HM060317 HM060316 
 PDD94054 New Zealand JQ287698 – 
C. thaumastus PDD78804 New Zealand NR_157873 – 
C. trichocarpus PDD103637 New Zealand KF727354 KF727335 
C. viridipileatus OTA60925 New Zealand MK546591 MK546594 
 OTA61977 New Zealand MK546592 MK546595 
 OTA64087 New Zealand MK546593 MK546596 
 PDD72733 New Zealand MH101526 MH108349 
 
For the Bayesian inference analysis, the concatenated alignment was analysed as a single 
partition. The best nucleotide substitution model was determined to be GTR+G+I by 
PartitionFinder2 using the greedy algorithm (Guindon et al. 2010; Lanfear et al. 2017). The 
alignment was analysed by Bayesian inference using MrBayes 3.2.6 (Ronquist et al. 2012). 
Four independent Markov chains were run for 10 million generations, sampling every 100 
generations. The runs were determined to have converged when the average standard 
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deviation of split frequencies was less than 0.01. A Bayesian inference 50% majority rule tree 
and posterior probability values were estimated from the samples after discarding the first 
25% (25,000) of sampled trees. Trees from both analyses were rooted on the branch leading to 
the outgroup species Cortinarius thaumastus (PDD78804). Phylogenetic trees were visualised 
in FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 
3.4 Results 
3.4.1 Genome skimming of C. epiphaeus and de novo assembly 
The average fragment length of the prepared library was 228 bp, including the Illumina 
adaptors. Sequencing produced 529 280 reads, of which ca. 92 % passed the filtering and 
trimming and were used in the de novo assembly. 187 scaffolds were longer than 500 bp and 
had a minimum mean coverage of five. Along the length of the extracted concatenated ITS 
and 28S the mean coverage was 37.4. A 100% BLASTN pairwise identity was obtained along 
the length of the ITS region to C. epiphaeus (PDD107515, MG019357). Similarly, there was 
a 100% pairwise identity along the length of the 28S to C. epiphaeus (PDD107515, 
MG019366). 
3.4.2 Phylogeny 
The maximum parsimony analysis produced 89900 equally parsimonious trees with a length 
of 570, consistency index = 0.563, retention index = 0.879 and a rescaled consistency index = 
0.495. The Bayesian analysis had a standard deviation of the split frequencies of 0.00268 after 
10 million generations. The potential scale reduction factor was 1.000 and the minimum EES 
value was greater than 2137 for all parameters sampled.  
The phylogeny recovered sections Archeriani (PP = 0.96), Subcastanelli (PP = 1, BS = 78%) 
and Delibuti (PP = 1, BS = 71%) (Figure 3.1) as described in Soop et al. (2019). Collections 
of C. taylorianus were not monophyletic and nested in Archeriani and Subcastanelli. The 
holotype from C. taylorianus (PDD27259) was placed in a strongly supported clade (PP = 1, 
BS = 100%) in Archeriani. A singleton C. taylorianus collection, which is a paratype (NZ858 
[as ZT 858 in the protologue]) was in section Subcastanelli.  
Section Subcastanelli contained the holotypes from C. epiphaeus, C. napivelatus, C. 
subcastanellus and the new species C. cesarioanus. The holotypes from C. epiphaeus 
(PDD27064) and C. napivelatus (PDD27069) formed a strongly supported clade with other 
collections of C. epiphaeus and C. napivelatus (PP = 1, BS = 95%). Sister to C. epiphaeus 
was a weakly supported clade containing C. cesarioanus and a paratype from C. tayorianus 
(PP = 0.52). Within this clade, C. cesarioanus was monophyletic (PP = 0.7, BS = 59%) and 
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displayed some genetic variation with a strongly supported subclade (PP = 1, BS = 96%) 
containing PDD103689 and PDD103769. The holotypes of C. subcastanellus (PDD27161) 
and C. wallacei (PDD97543) were monophyletic (PP = 1, BS = 100%). This clade forms a 
polytomy with a clade containing C. trichocarpus Soop and C. ohauensis Soop. The polytomy 
is sister to all other clades in Subcastanelli (PP = 0.61). An unidentified collection (MES527) 
from Chile was also found to be nested in Subcastanelli. This is the first known taxon to 
belong to Subcastanelli from outside of New Zealand. 
Cortinarius viridipileatus is monophyletic (PP = 1, BS = 100%) in section Delibuti. 
Cortinarius viridipileatus is sister to C. rotundisporus Cleland & Cheel, C. tessiae Soop and 
C. calaisopus Soop. Some genetic variation within C. rotundisporus is apparent with three 
distinct, moderately supported clades. These clades exhibit geographical structure with the 
clade containing OTA and PDD collections from New Zealand, the PERTH and the 
unvouchered C. rotundisporus collections are from Australia. If the genetic variation with the 
C. rotundisporus complex is also supported by morphological differences is not known and 
requires attention in the future. Cortinarius tessiae also exhibits some genetic variation, 
though weakly supported (PP = 0.60). 
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Figure 3.1 Bayesian inference phylogeny of concatenated ITS+28S sequences. Posterior probability 
values are indicated above branches and bootstrap (%) values from the maximum parsimony 
analysis are indicated below branches. Species investigated in this study are in bold. Sequestrate 
species are denoted by black circles. Type specimens are indicated with ‘T’. 
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3.4.3 Taxonomy 
Cortinarius cesarioanus A.R. Nilsen & Orlovich    Figure 3.2 
Mycobank: MB 837586 
Typification: NEW ZEALAND. GISBORNE: Moanui Conservation Area, on soil under 
Nothofagus fusca and N. menziesii, 13 May 2013, S. R. Pennycook (holotype OTA62371). 
GenBank: ITS = MT921423. 
Diagnosis: Cortinarius cesarioanus is distinguishable by the conspicuous veil remnants on 
the pileus, the central to basal position of the annulus on the stipe. 
Etymology: In reference to case of mistaken identity of Viola/Cesario in William 
Shakespeare’s play Twelfth Night, or What You Will. 
Description based on all collections examined. Sporocarp agaricoid. Pileus 35–65 mm diam., 
convex to almost plane, viscid, red-brown to brown, occasionally finely innate fibrillose, 
conspicuous light-brown to orange-brown veil remnants at apex, weakly translucent-striate, 
margin entire to crenate. Lamellae moderately crowded, emarginate, light greyish-brown to 
orange-brown, can exhibit pink hues on edges when young, edge smooth. Stipe 25–65 ´ 8–13 
mm, cylindrical to clavate to clavate-bulbous, occasionally marginate-bulbous, white to light 
brown with light brown fibrils below the annulus, occasionally glandular-dotted to weakly 
peronate above the annulus with an orange-brown colouration; annulus central to basal, 
membranous, striate, occasionally with a pink hue. Stipe context white to light brown, 
occasionally with a violet hue, often watery. Odour and taste not recorded. KOH with a weak 
brown reaction on cutis and gills, weak on stipe. Basidiospores (8–)9–10(–12) ´ (5–)5.5–
6.5(–7) µm (9.7 ± 0.8 ´ 5.8 ± 0.5 µm), Q = 1.7 ± 0.2, yellow-brown, elliptical, weakly 
verrucose, inamyloid. Basidia (22–)27–30(–38) ´ (6–)8–10(–12) µm (28.6 ± 2.3 ´ 9 ± 1.0 
µm), hyaline, clavate, 4-stergimate, sterigmata up to 5 µm long. Cheilocystidia (21–)28–40(–
54) ´ (5–)7–10(–15) µm (34.1 ± 7.1 ´ 8.5 ± 2.1 µm), hyaline, sporadic, cylindrical to clavate 
to ventricose-rostrate, clamped. Epicutis consisting of undulating, occasional branching, 
hyphae, 2–5 µm in diam., hyaline, septate, clamped without encrustations. Hypocutis 
consisting of rectangular to irregular cells, (12–)26–35(–50) × 10–15(–25) µm (31.3 ± 9.3 ´ 
13.8 ± 4.5 µm), brown, clamped. 
Ecology and distribution: Solitary to gregarious on soil under Nothofagus. Currently known 
from central North Island and across the South Island. 
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Specimens examined: NEW ZEALAND, MANAWATU-WANGANUI: Kaimanawa Forest 
Park, Clements Mill Road, on soil under Nothofagus, 14 May 2011, S. Bell OTA61939; 
Ruahine Range, Track to Alice Nash Memorial Heritage Lodge, on soil under Nothofagus, 18 
May 2015, D. A. Orlovich OTA65681; ibid. on soil under Nothofagus, 18 May 2015, M. 
Padamsee OTA65683. GISBORNE: Matawai Conservation Area, Te Wera Reserve, under 
Nothofagus, 14 May 2013, K. Soop PDD103689; ibid. on soil under mixed 
broadleaf/podocarp/Nothofagus, 14 May 2013, X. Y. Wang OTA62379, OTA62394; ibid. on 
ground under Nothofagus, 17 May 2013, M. Padamsee PDD103769. WELLINGTON: 
Rimutaka Forest Park, on wood under Nothofagus fusca, 14 May 2009, J. A. Cooper 
PDD95557. TASMAN: Asbestos Track, on soil under Nothofagus, 12 May 2014, D. A. 
Orlovich OTA64038. WEST COAST: Springs Junction, Lake Daniell Track, on soil under 
Nothofagus, 18 April 2000, E. & A. Horak PDD71287. OTAGO: Glacier Burn Track, on soil 
under Nothofagus fusca and N. cliffortioides, 8 May 2016, D. Lyttle OTA69778. 
SOUTHLAND: Gunn Lake, Te Anau, on soil under Nothofagus, 4 April 2001, E. & A. Horak 
PDD72498; Lake Hauroko, on soil under Nothofagus/podocarp, 7 May 2012, D. A. Orlovich 
OTA62097. 
Notes: Cortinarius cesarioanus and C. subcastanellus both exhibit rozitoid morphologies. 
Cortinarius cesarioanus can be delimited from C. subcastanellus by the presence of veil 
remnants, the low position of the annulus on the stipe, the mostly weak alkaline reation and 
hyaline epicutical hyphae without encrustations (Table 3.2). The morphology of C. 
cesarioanus encompasses characters that were previously associated with the description of 
C. subcastanellus [s.l.] that included collections from different species. Whereas, C. 
subcastanellus [s.s.] is morphologically what was previously regarded as C. wallacei. 
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Figure 3.2 Cortinarius cesarioanus. a. Basidiomes (holotype OTA62371); b. Basidiospores (holotype 
OTA62371), scale = 10 µm; c. Cheilocystidia (OTA64038), scale = 25 µm. 
 
Table 3.2 Comparative morphological characters of the similar rozitoid species: C. subcastanellus, 
C. cesarioanus and C. majestaticus 
Species C. subcastanellus C. cesarioanus C. majestaticus 
Pileus red-brown to dark brown, no veil remnants 
red-brown to brown, 
conspicuous veil remnants 
dark yellow-brown, no veil 
remnants 
Annulus position central to apical central to basal central to apical 
Spore length (µm) (8–)9–10(–12) (8–)9–10(–12) (8–)9–10(–12) 
Spore width (µm) 5–6(–7) (5–)5.5–6.5(–7) 5–6(–7) 
Spore ornamentation weakly to moderately verrucose weakly verrucose strongly verrucose 
Cheilocystidia not observed sporadic yes 
Epicutis yellow to yellow-brown with encrustations hyaline 
brown with brown 
encrustations 
 
Cortinarius viridipileatus X. Yue Wang, M.C. Te Tana, A.R. Nilsen & Orlovich Figure 3.3 
MycoBank: MB 837585 
Typification: NEW ZEALAND. TASMAN: Brown River, Heaphy Track, on soil under mixed 
Nothofagus, Kunzea, Podocarp and Broadleaf, 15 May 2014, A. Hoeyer (holotype 
OTA64087). GenBank: ITS = MK546593, 28S = MK546596. 
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Diagnosis: Cortinarius viridipileatus is distinguishable from other Cortinarius species by its 
uncommon dark green pileus, mauve lamellae and globose to subglobose basidiospores. 
Etymology: viridipileatus pertaining to the green pileus. 
Description based on all collections. Sporocarp agaricoid. Pileus 30–80 mm diam., convex to 
almost plane, viscid, dark green, occasionally with yellow-brown patches and/or pale 
mottling, margin entire, paler green, incurved. Pileus context white, occasionally with a light 
green hue. Lamellae close, adnate, mauve to purple, becoming browner with age. Stipe 35–90 
× 10–15 mm, cylindrical to subclavate often with a bulbous base, white, occasionally with a 
fait purple hue, surface longitudinally fibrillose, cortina yellow-brown, occasionally with a 
green hue, universal veil sometimes weakly peronated. Stipe context white to cream-yellow 
toward the base, occasionally with a light green-blue hue. Odour and taste not recorded. 
Macrochemical reactions KOH red on cutis, no reaction elsewhere. Basidiospores globose to 
subglobose, 7–9(–10) ´ 5–6(–8) µm, (7.9 ± 0.7 ´ 6.0 ± 0.6 µm), Q = 1.2 ± 0.1, yellow-brown, 
moderate-strongly verrucose, inamyloid. Basidia (22–)31–38(–44) ´ (5–)7–9(–10) µm (34.4 ± 
4.7 ´ 8.0 ± 1.0 µm), clavate, hyaline, occasional clamps, 4-sterigmate up to 4 µm long. 
Cystidia not observed. Epicutis consisting of interwoven, gelatinised, cylindrical, occasionally 
branched hyphae 4–6 µm diam., hyaline, clamps abundant. Hypocutis consisting of broadly 
cylindrical hyphae, 20–40 ´ 5–9 µm, hyaline, with rare clamp connections. 
Ecology and distribution: Solitary to gregarious on soil, found under Nothofagus and mixed 
Nothofagus/Kunzea. Collections are limited to the central North Island, and the upper north 
and the lower south of the South Island.  
Additional specimens examined: NEW ZEALAND. MANAWATU-WANGANUI: 
Kaimanawa Forest Park, Hinemaiaia Track, on soil under Nothofagus menziesii & N. fusca, 
18 May 2011, S. E. Teasdale OTA61977. HAWKES-BAY: Lake Waikaremoana, Panekire, 
Bluff E Track, on soil under Nothofagus spp., 09 May 2001, E. & A. Horak PDD72733. 
OTAGO: Catlins, Old Coach Road, under Nothofagus menziesii, 15 April 2008 OTA60925. 
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Figure 3.3 Cortinarius viridipileatus (holotype OTA64087). a. Basidiomes; b. Basidiospores (bright-
field microscopy), scale = 10 µm; c. Basidiospores (scanning electron micrograph), scale = 1 µm. 
 
Cortinarius subcastanellus E. Horak, Peintner, M.M. Moser & Vilgalys emend, Mycotaxon 
83:450. 2002. Figure 3.4 
Mycobank: MB 374693 
Type: NEW ZEALAND, NORTH ISLAND, HAWKES BAY: Te Urewera, Ngamoko Track, 
on soil under Nothofagus, 27 June 1968, E. Horak (holotype PDD27161). GenBank: ITS = 
MT363103. 
= Cortinarius wallacei Soop, New Zealand Journal of Botany 52:335. 2014. 
NEW ZEALAND, NORTH ISLAND, MANAWATU-WANGANUI: Taupo, Cascade Hut 
Track, under Nothofagus, 9 May 2009, K. Soop (holotype of C. wallacei PDD97543). 
GenBank: ITS = KJ635242, LSU = KJ635242. 
Diagnosis: Cortinarius subcastanellus is distinguishable by the almost total absence of veil 
remnants on the pileus, the central to apical position of the annulus, and yellow epicutical 
hyphae with encrustations.  
Description based on all collections examined. Sporocarp agaricoid. Pileus 30–60 mm diam., 
convex, viscid to glutinous, glabrous; red-brown to dark brown becoming lighter toward the 
margin, often with a disk and a surrounded by a pale ring of innate fibrils, weakly translucent-
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striate, veil remnants rare; margin entire, occasionally rimose to lacinate. Lamellae 
moderately crowded, emarginate, cream to tan becoming brown with age, edge smooth. Stipe 
8–12 ´ 50–90 mm, tapering to clavate-bulbous, white to light brown, light brown to dark 
brown fibrils below the annulus, occasionally weakly peronate above the annulus with a red-
brown colouration; annulus central to apical, membranous, striate. Stipe context white to pale 
yellow-brown. Odour and taste not recorded. KOH reddish to brown, often strongly red on 
cutis, dark brown on gills. Basidiospores (8–)9–10(–12) ´ 5–6(–7) µm (9.7 ±  0.8 ´ 5.8 ± 0.5 
µm), Q = 1.7 ± 0.2, yellow-brown, ellipsoid, weakly to moderately verrucose, dextrinoid, 
reaction can take more than 20 min to become apparent. Basidia (23–)27–32(–40) ´ (7–)8–
9(–10) µm (30.3 ±  4.1 ´ 8.5 ± 0.9 µm), clavate, 4-stergimate, sterigmata up to 5 µm long, 
basidia and basidioles occasionally present a strong dextrinoid reaction. Cystidia not 
observed. Epicutis consisting of undulating, occasional branched hyphae, 3–5 µm in diam., 
yellow to yellow-brown with encrustations on cell walls, septate, clamped. Hypocutis 
consisting of rectangular to irregular hyphal cells, (20–)35–46(–60) × (6–)14–21(–50) µm 
(40.9 ±  10.4 ´ 19.4 ± 11.2 µm), yellow-brown to brown, clamped, some encrustations on cell 
walls, clamped.  
Ecology and distribution: Gregarious to caespitose on soil under Nothofagus. Found in the 
central North Island and Buller region on the South Island. 
Specimens examined: NEW ZEALAND, MANAWATU-WANGANUI: Kaimanawa Forest 
Park, Clements Mill Road, on soil under Nothofagus menziesii and Nothofagus fusca, 14 May 
2011, D. A. Orlovich OTA61882, OTA61988.  
Notes: The type specimens of C. subcastanellus and C. wallacei fell in the same clade. The 
protologue of C. subcastanellus appears to be based on collections of both C. subcastanellus 
and the species newly described C. cesarioanus. Unfortunately, only the holotype and none of 
the paratypes from C. subcastanellus were able to be obtained for this study. Several factors 
contribute to the hypothesis that the protologue is based on multiple species. The holotype of 
C. subcastanellus (Figure 3.4), at the time of collection, displays an absence of veil remnants 
on the pileus and the position of the annulus is central to apical on the stipe (Table 3.2). These 
characters contrast the figure associated with the protologue which depicts veil remnants and 
the annulus positioned both high and low on the stipe (Horak and Taylor 1981). Additionally, 
the protologue mentions the presences of scattered, clavate cheilocystidia, 30–60 ´ 9–14 µm. 




Figure 3.4 Cortinarius subcastanellus (holotype PDD27161). a. Basidiomes; b. Basidiospores, scale = 
10 µm; c. Cutis displaying the epicutis (EPI) and hypocutis (HYP), scale = 10 µm. Basidiome image 
was reproduced from the New Zealand Fungarium. Photo credit E. Horak. 
 
Cortinarius epiphaeus (E. Horak) Peintner & M.M. Moser, Mycotaxon 81:179. 2002. 
Mycobank: MB 484701 
Basionym: Thaxterogaster epiphaeus E. Horak 
Type: NEW ZEALAND, SOUTH ISLAND, CANTERBURY: Cass, Craigieburn Range, 
under Nothofagus, 31 March 1968, Moonan (holotype PDD27064). GenBank: ITS = 
MT363100, LSU = MT363111. 
= Cortinarius napivelatus (E. Horak) Peintner & M.M. Moser, Mycotaxon 81: 181. 2002. 
Basionym: Thaxterogaster napivelatum E. Horak 
NEW ZEALAND. TASMAN: Lake Rotoiti, track to St Arnaud Range, 5 May 1968, E. Horak 
(holotype of C. napivelatus PDD27069). GenBank: ITS = MT363102. 
Specimens examined: NEW ZEALAND. NELSON: Bryant Range, track to Fringed Hill, 
under Nothofagus fusca, 9 May 2004, R. E. Beever PDD100213. WEST COAST: Springs 
Junction, Lake Daniells Track, under Nothofagus, 12 May 2006, PDD107515. 
Notes: Sequences from the types of C. epiphaeus and C. napivelatus fell in the same clade 
(Figure 3.1). Microscopically, these species are indistinguishable, however Horak (1973) 
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delineated them on C. napivelatus having a shorter stipe, marginate bulb and veilar remnants 
on the pileus. These characters are not consistently restricted to either of C. epiphaeus and C. 
napivelatus and may be attributed to environmental or developmental factors. Based on the 
overlapping morphological characters and the monophyly of the holotypes, a single species is 
recognised. Cortinarius epihaeus and C. napivelatus were simultaneously published in ‘Fungi 
agaricini Novaezelandiae I-V’ (Horak 1973); subsequently, both have equal priority. Horak 
noted that C. napivelatus represents one of the most common species of Cortinarius in New 
Zealand. However, due to the wide adoption of the name C. epiphaeus by the wider 
mycological community in New Zealand for this species, C. epiphaeus has been selected over 
C. napivelatus. 
 
Cortinarius taylorianus E. Horak Sydowia 42: 122. 
Mycobank: MB 127365 
Type: NEW ZEALAND. SOUTH ISLAND. TASMAN: Lake Rotoiti, eastern shore, under 
Nothofagus menziesii, N. fusca and N. cliffortioides, 3 April 1968, E. Horak (holotype 
PDD27259). GenBank: ITS = MT363110. 
Specimens examined: NEW ZEALAND, AUCKLAND: Hunua, Workman Road, on ground 
under Nothofagus, 3 July 2010, C. Shirley PDD99319. GISBORNE: Moanui Conservation 
Area, on soil under Nothofagus, 13 May 2013, E. Paderes OTA62367. WAIKATO: 
Kaimanawa Forest Park, Clements Mill Road, on soil under Nothofagus menziesii and N. 
fusca, 18 May 2011, D. A. Orlovich OTA61965. TASMAN: Lake Rotoiti, 6 April 2002, P. 
Leonard PDD75824. CANTERBURY: Lake Ohau, Temple Valley, on soil under Nothofagus 
cliffortioides, 18 April 2005, E. & A. Horak PDD82784; Waimakariri River Track, on soil 
under Nothofagus cliffortioides, 3 May 2010, ibid., on soil under Nothofagus cliffortioides, 3 
May 2010, S. Kerr PDD99614; T. Garland PDD99512; Arthur's Pass National Park, 
Klondyke Corner, 3 May 2010, P. Buchanan PDD99585; Arthur's Pass, Craigieburn, 27 April 
2015, K. Soop PDD107692. OTAGO: Paradise, on litter under Nothofagus fusca, 8 May 
2016, M. Padamsee PDD110201; Knights Bush, Tuapeka, on soil under mixed 
Nothofagus/Kunzea/podocarp/broadleaf, 25 May 2019, A. R. Nilsen OTA71453. 
SOUTHLAND: Milford, Boyd Creek, under Nothofagus, 28 April 2008, K. Soop PDD94021; 
Lake Hauroko, on soil under Nothofagus and podocarp, 7 May 2012, D. A. Orlovich 
OTA62110. 
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Notes: Cortinarius taylorianus [s.l.] was found to be polyphyletic (Figure 3.1). The holotype 
(PDD27259) was nested in a large clade within section Archeriani while a paratype (NZ858) 
was in Subcastanelli. The paratype is in a weakly supported sister relationship to the clade 
containing collections of C. cesarioanus but without closer investigation of the specimen 
itself and more collections, it is difficult to determine with confidence if it represents a new 
species. Morphological characters of the examined specimens were mostly congruent with the 
protologue, except for the paratype collection NZ858, which was not obtainable (Horak and 
Wood 1990). However, the lilac to pink colouration in cheilocystidia was found to be 
sporadic and mainly restricted to young fruitbodies. 
Key to rozitoid Cortinarius 
1 Pileus red-brown to dark brown       2 
1′ Pileus yellow to light brown or grey to almost black, without reddish colours 4 
2 Annulus positioned high on stipe, without veil remnants on pileus   3 
2′ Annulus positioned low on stipe, with veil remnants on pileus C. cesarioanus 
3 Spores weakly to moderately verrucose, cheilocystidia absent C. subcastanellus 
3′ Spores strongly to very strongly verrucose, cheilocystidia present  C. majestaticus 
4 Pileus distinctly grey to almost black       5 
4′ Pileus yellow to light brown        6 
5 Pileus grey with silvery squamules, viscid     C. meleagris 
5′ Pileus almost black with concentric scales, dry   C. ursus 
6 Pileus minutely fibrillose to strongly fibrillose in large patches   7 
6′ Pileus not fibrillose          10 
7 Spores weakly to moderately verrucose      8 
7′ Spores strongly verrucose        9 
8 Pileus white to yellow-buff, glutinous; spores 9.5–13 × 6–8 µm, moderately verrucose
           C. achrous 
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8′ Pileus honey yellow with orange tinge, viscid; spores 11.5–15.5 × 6.5–7.5 µm, weakly
 verrucose        C. elacatipus 
9 Pileus brownish-yellow, viscid, coarsely innate fibrillose; spores 10.5–13.5 × 6.5–8.2
 µm, strongly verrucose      C. pselioticton 
9′ Pileus yellow-brown to red-brown, glutinous, inconspicuous veil remnants; spores 
 11–15 x 7–8 µm, strongly verrucose     C. rugosiceps 
10 Pileus brightly yellow-brown with pale disc, viscid; no distinct smell; spores 
 9–11 × 5.5–7.5 µm, moderately verrucose    C. pseliocaulis 
10′ Pileus yellow brown, glutinous; strong smelling of naphthalene; spores  
 9.3–11.5 × 6.5–8 µm, strongly verrucose    C. naphthalinus 
3.5 Discussion 
An apparent mixture of species was revealed in descriptions of C. subcastanellus and C. 
taylorianus. Previous studies have also discovered discrepancies between holotypes and 
paratypes. For example, in Cortinarius heterosporus Bres. (Jacobsson and Soop 2000) and in 
some species of Rhizopogon (Bidartondo and Bruns 2002). 
The morphological characters and figure in the protologue of C. subcastanellus were not 
consistent with the holotype of this species. The characters in the protologue from C. 
subcastanellus appear to be a combination of both C. subcastanellus and C. wallacei. In 
particular, the high and low position of the annulus on the stipe, the veil remnants on the 
pileus, the sporadic cheilocystidia and the image of the holotype from C. subcastanellus 
supports this hypothesis. Early studies into rozitoid Cortinarius already hinted at the 
possibility of the misidentification of some collections of C. subcastanellus (Peintner et al. 
2002a). Peinter et al. (2002) sequenced the ITS region from collections of C. subcastanellus 
(NZ814, NZ8503, NZ8533, NZ800) and NZ800 was sister to all other C. subcastanellus 
collections. In the present study NZ814, NZ8503 and NZ8533 were in the C. cesarioanus 
clade and only NZ800 grouped with the type clade. Unfortunately, the paratypes from C. 
subcastanellus were not able to be obtained for this study and neither E. Horak or U. Peintner 
could be contacted.  
The phylogenetic position of the holotype and paratype from C. taylorianus were also 
inconsistent. While most collections of C. taylorianus, including the type, fell in a clade in 
section Archeriani, the paratype of C. taylorianus (NZ858) was sister to C. cesarioanus. 
Because samples from C. taylorianus and C. subcastanellus [s.l.] were analyses in the same 
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publication (Peintner et al. 2002a), an accidental mix-up during sample preparation cannot be 
ruled out. While NZ858 may represent a new species, it is not known if it is morphologically 
similar to C. taylorianus and the collections would have to be examined to determine this. 
Several rozitoid-like species have been described from New Zealand, but currently only one 
other species, C. majestaticus (E. Horak) T.P. Anderson & Orlovich, has strong affinities to 
C. subcastanellus and C. cesarioanus. Cortinarius majestaticus was originally placed in the 
genus Descolea Singer (Horak 1971). Horak referred to this species as having a transitional 
taxonomic position due to characteristics shared with Rozites P. Karst and Descolea. On 
balance, however, being more morphologically similar to Descolea based on the strongly 
striate persistent annulus, ornamented amygdaliform spores with a smooth mucro, articulate 
cheilocystidia and a hymeniform cutis. Descolea majestatica was later found to be nested in 
Cortinarius and was subsequently transferred (Anderson and Orlovich 2016). The species was 
finally shown to be segregated from section Subcastanelli and placed in the newly introduced 
sect. Majestatici (Soop et al. 2019).Cortinarius majestaticus can be delineated from C. 
subcastanellus and C. cesarioanus by the frequent presence of gelatinous patches on the 
annulus margin, the larger (12.5–15 ´ 7–8 µm), strongly ornamented amygdaliform spores 
with a smooth mucro and a plage, and conspicuous articulate cheilocystidia. 
The conspecificity of C. epiphaeus and C. napivelatus was not unexpected. Soop (2018) 
eluded to the high morphological similarities between these species and suggested that C. 
napivelatus may represent a form of C. epiphaeus. However, examination of a range of 
collections from these species revealed that delineating characters of these two species were 
not consistent. Because the character differences are minimal an emendation to the protologue 
of C. epiphaeus is unnescessary. 
The bold green pileus colouration presented in C. viridipileatus is rare for Cortinarius 
species. Globally, few Cortinarius species have been described that exhibit similar green 
colourations, for example: Cortinarius viridirubescens M.M. Moser & Ammirati from 
Northern California (Moser and Ammirati 1997), Cortinarius ionochlorus Maire from Europe 
(Maire 1937) and Cortinarius austrovenetus Cleland from Australia (Cleland 1928). In New 
Zealand, several Cortinarius species in New Zealand are known to exhibit green hues on the 
pileus, for example, C. alienatus (E. Horak) G. Garnier (Horak 1988), C. lachanus Soop & M. 
Wallace (Soop 2016), C. calaisopus Soop (Soop 2013), C. rotundisporus Cleland & Cheel 
(Cleland and Cheel 1918) and C. tessiae Soop (Gasparini and Soop 2008). However, none to 
the same magnitude as C. viridipileatus. 
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Chapter 4 
Cortinarius atropileatus sp. nov. (Cortinariaceae) from New Zealand 
4.1 Abstract 
The agaricoid fungus Cortinarius atropileatus is described. It is associated with Nothofagus 
in New Zealand. The new species is morphologically very similar to C. dulciolens but can be 
distinguished by the vivid mauve-violet lamellae when young, spores with reduced verrucose 
ornamentation and a less pronounced plage, and the presence of abundant clamp connections 
in the epicuticular hyphae. A molecular phylogenetic analysis of the nuclear ribosomal 
internal transcribed spacer (ITS) region and RNA polymerase second largest subunit (rpb2) 
shows that C. atropileatus is in Cortinarius sect. Dulciolentes and is sister to, Cortinarius 
porphyroideus (discussed in Chapter 2). This chapter was published prior to commencing 
work on Chapter 2 and 3. Species names have been updated to reflect the most recent 
taxonomic changes since this chapter was published in New Zealand Journal of Botany Nilsen 
et al. (2019). 
4.2 Introduction 
The increasing use of DNA metabarcoding to ask ecological questions allows local (Orlovich 
et al. 2013) and global systems to be described (Tedersoo et al. 2014) with unprecedented 
scope. However, complex ecological hypotheses that involve the life history of organisms rely 
on linking DNA barcodes with descriptive taxonomy. For this reason, describing new species, 
including cryptic ones, remains a critical exercise. Cortinarius (Pers.) Grey is a widespread 
ectomycorrhizal genus. In New Zealand, Cortinarius is associated with Nothofagus, 
Leptospermum and Kunzea, and it is the most speciose ectomycorrhizal genus associated with 
Nothofagus (McKenzie et al. 2000). Here, a new species of Cortinarius is described. It shares 
features of agarics previously placed in Cuphocybe R. Heim. 
Cuphocybe was erected by Heim (1951) with the type species Cuphocybe olivacea R. Heim 
(≡ Cortinarius elaiochrous E. Horak, M.M. Moser, Peintner & Vilgalys) and also included 
Cuphocybe alborosea R. Heim (≡ Cortinarius alboroseus (R. Heim) Peintner, E. Horak, 
M.M. Moser & Vilgalys), both endemic to New Zealand. Cuphocybe is ectomycorrhizal and 
shared rough, ornamented spores with Cortinarius, but was delimited from Cortinarius based 
on the lack of a conspicuous cortina, rather forming pigmented velar fibrils along the length 
of the stipe (Heim 1951b; Horak 1973; Soop 1998). Horak (1973) added Cuphocybe 
phaeomyxa E. Horak (≡ Cortinarius phaeomyxa (E. Horak) Peintner, E. Horak, M.M. Moser 
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& Vilgalys), associated with Nothofagus fusca and N. menziesii, to the list of New Zealand 
species. Cuphocybe calospora M. Zang (≡ Cortinarius calosporus (M. Zang) Peintner, M.M. 
Moser, E. Horak & Vilgalys), associated with Quercus rehderiana forest was described from 
the eastern Himalayas (Zang 1987) and Cuphocybe ferruginea E. Horak (≡ Cortinarius 
badioferrugineus E. Horak, Peintner, M.M. Moser & Vilgalys) was described from Papua 
New Guinea (associated with Castanopsis/Lithocarpus) and New Caledonia (associated with 
Nothofagus) (Horak 1980). Another New Zealand species, Cuphocybe melliolens Soop (≡ 
Cortinarius dulciolens E. Horak, M.M. Moser, Peintner & Vilgalys) was described by Soop 
(1998) from Nothofagus forest. 
Using phylogenetic evidence from the analysis of nuclear ribosomal internal transcribed 
spacer (ITS) regions and nuclear ribosomal 28S markers, Peinter et al. (2002) showed that 
Cuphocybe is not monophyletic, and that the three New Zealand species were all nested 
within Cortinarius. Thus, the grouping of Cuphocybe-like species on morphological 
characters is artificial. All Cuphocybe species were subsequently transferred to Cortinarius 
(Peintner et al. 2002b). 
Cortinarius dulciolens is a sweet-smelling agaricoid fungus associated with southern beech 
(Nothofagus) in New Zealand. It is closely related to the sequestrate C. beeverorum Orlovich, 
X. Yue Wang & T. Lebel (Orlovich et al. 2014), and both species are in C. sect. Dulciolentes 
(Soop et al. 2019). Here, the new species Cortinarius atropileatus A. R. Nilsen & Orlovich is 
described. It is nested in C. sect. Dulciolentes and is associated with southern beech 
(Nothofagus) species in New Zealand. 
4.3 Materials and methods 
4.3.1 Specimen collection 
Specimens were collected, dehydrated and deposited at the Otago Regional Herbarium as per 
section 2.3.1. 
4.3.2 Morphological examination 
Morphological examination using bright field microscopy was performed as per section 2.3.2. 
Differences in spore length and width between species were tested by a t-test in base R (Team 
2017). 
Scanning electron microscopy of spores followed section 3.3.2. 
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4.3.3 DNA extraction, PCR and sequencing 
DNA was extracted from dried herbarium specimens using a Plant Genomic DNA Mini Kit 
(Geneaid) following the manufacturer’s protocol. Polymerase chain reactions (PCR) of the 
ITS region and RNA polymerase II (rpb2) gene were performed in 50 µL reactions using 
Platinum Taq (Invitrogen). Each reaction contained 1× buffer, 1.5 mM MgCl2, 0.2 mM dNTP 
mix, 10 pmol ITS1f (Gardes and Bruns 1993) and ITS4 (White et al. 1990) for the ITS region, 
or 10 pmol bRPB2-6F and bRPB2-7.1R (Matheny 2005) for the rpb2 gene, 1 µL 1:10 diluted 
DNA in double distilled H2O and 2 U Platinum Taq. The PCR protocol for ITS was 94°C for 
2 min, then 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, then 72°C for 5 min. 
The PCR protocol for the rpb2 gene was 94°C for 2 min, then 35 cycles of 94°C for 30 s, 
50°C for 30 s, increase 0.3°C/s to 72°C, 72°C for 45 s, then 72°C for 5 min. PCR products 
were purified using a PureLink PCR Purification Kit (Invitrogen) following the 
manufacturer’s instructions, quantified using a spectrophotometer (Nanodrop ND-2000c) and 
sequenced using BigDye Terminator v.3.1 cycle sequencing (Life Technologies) by Genetic 
Analysis Services, Department of Anatomy, University of Otago. 
4.3.4 Alignment and phyogentic analyses 
Electropherograms were assembled and edited using Geneious 10.1.3 (Biomatters). 
Additional sequences that had high BLAST matches to C. atropileatus were retrieved from 
GenBank. Cortinarius violaceovolvatus var. viola  (PDD103546) was selected as the 
outgroup. Sequences were aligned using the MUSCLE plugin in Geneious R10.1.3, with a 
maximum of 16 iterations. Obviously misaligned bases were manually corrected. GenBank 
accession numbers of all sequences used in this study are indicated in Table 4.1. The 
alignment is available on TreeBASE Study Accession URL: 
http://purl.org/phylo/treebase/phylows/study/TB2:S23363. Preliminary phylogenetic analyses 
indicated that the ITS and rpb2 phylogenies were compatible, and thus the alignments were 
combined. The resulting concatenated alignment was 1574 characters in length. 
The alignment was analysed by maximum parsimony analysis using PAUP* 4.0b10 for Unix 
(Swofford 2003). Of the 1574 characters, 302 were parsimony informative and 1272 were 
excluded from the analysis. Most parsimonious trees were found by 1000 replicate heuristic 
searches with the tree bisection-reconnection algorithm, saving 100 trees per replicate and a 
maximum of 10,000 trees. Branch support was determined by bootstrap analysis of 1000 
replicates, with each replicate comprising 5 replicate heuristic searches, saving 10 trees per 
replicate. Results of the bootstrap analysis were transferred to corresponding branches on the 
Bayesian inference tree. 
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For the Bayesian inference analysis, it was found that analyses based on partitioning ITS into 
separate gene/spacer partitions (18S, ITS1, 5.8S, ITS2 and 28S) and partitioning rpb2 into 1st, 
2nd and 3rd codon positions, were topologically identical to a tree from an analysis with only 
2 partitions, i.e. ITS and rpb2. Therefore, the alignment was partitioned into two partitions 
only, based on the separate marker regions. The ‘greedy’ search scheme was used to 
determine the best DNA substitution models in Partitionfinder2 (Guindon et al. 2010; Lanfear 
et al. 2017). The alignment was analysed by Bayesian inference using MrBayes 3.2.6 
(Ronquist et al. 2012), with the following models applied to the partitions: ITS: HKY+G+I; 
rpb2: SYM+G. Four independent Markov chains were run for 1 × 107 generations, sampling 
every 100 generations. The runs were determined to have converged when the average 
standard deviation of split frequencies was less than 0.01. A Bayesian inference 50% majority 
rule tree and posterior probability values were estimated from the samples after discarding the 
first 25% (25,000) of sampled trees. 
Trees from both analyses were rooted on the branch leading to the outgroup species 
Cortinarius porphyroideus (PDD103546). Phylogenetic trees were visualised in FigTree 
v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 
Table 4.1 Species and sequences used in this study. GenBank accession numbers in bold were 
generated for this study. New sequences generated in this study are in bold. 
Species Collection ITS rpb2 
Cortinarius achrous PDD107695 KT875174 — 
C. alboroseus PDD105432 MH101566 — 
C. altissimus TENN069830 NR_153032 — 
C. atrotomentosus TENN065527 NR_153030 KJ920081 
C. atropileatus OTA60170 JX178605 MG367643 
 OTA70337 MG367630 MG367644 
 OTA70420 MG367631 MG367645 
 OTA70421 MH023302 MH032582 
 OTA70423 MH023301 — 
 OTA70424 MG367632 MG367646 
C. beeverorum OTA60155 KC520546 MG367637 
C. canovestitus PDD103667 KF727353 — 
C. caperatus TUB020420 KJ421125 — 
C. carneipallidus PDD95444 NR153028 KJ920076 
C. cartilagineus PDD105768 MH101571 — 
C. cesarioanus PDD95557 MH101547 — 
C. corrugatus IB2000544 AF325611 — 
C. dulciolens Horak NZ8635 AF325610 — 
 OTA62181 MG367627 MG367640 
 OTA62338 KF977697 MG367647 
 OTA62375 MH023298 — 
 OTA62399 MH023297 MH032580 
 OTA62401 MH023296 MH032579 
 OTA62406 MH023300 MH032581 
 OTA64053 MH023295 MH032578 
 OTA64056 MG367633 MG367648 
 OTA65696 MG367629 MG367642 
 OTA69682 MG367634 MG367649 
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Species Collection ITS rpb2 
 OTA70444 MH023299 — 
 PDD68471 JX648592 — 
C. elaiochrous PDD77478 AY669627 — 
C. ECM root tip clone WME21 JN847466 — 
C. epiphaeus PDD103876 KF727356 — 
C. hallowellensis MEL2350466 KJ920007 KJ920098 
C. indolicus PDD103881 KF727396 — 
C. kioloensis PDD99309 KJ920013 KJ920070 
C. majestaticus OTA65727 KU523929 KU523960 
C. meleagris PDD72781 HM060324 — 
C. naphthalinus PDD70505 GU233344 — 
C. ohauensis PDD103877 KF727355 — 
C. palatinus ZT10422 KJ920027 KJ920082 
C. peraurantiacus PDD70818 KC520543 — 
 PDD80481 KC520544 — 
C. phaeomyxa PDD107511 MG019355 — 
C. porphyroideus PDD106018 MH101579 — 
C. pseliocaulis PDD107696 KT875176 — 
C. pselioticton PDD88277 JX000371 — 
C. similis HKAS26154 AY669577 — 
Cortinarius sp. H1213 DQ328093 — 
 H5791 DQ328099 — 
 T833 JF960730 — 
 PDD72554 MH101519 — 
 Trappe26352 JX983155 — 
 NZ858 AY033106 — 
C. subcastanellus PDD97543 KJ635242 — 
C. trichocarpus PDD103637 KF727354 — 
C. violaceovolvatus var. viola PDD103546 KT334128 KT334151 
C. violaceus TUB011825 AY669579 — 
C. atratus [=Protoglossum luteum] Massee270 EU084983 — 
 MEL2057704 DQ328197 — 
 Trappe18831 AF325612 — 
 TUB011923 AY669606 — 
 
4.4 Results 
4.4.1 Comparison of morphological characters of C. atropileatus to C. dulciolens 
The characters examined in C. dulciolens collections were in accordance with the descriptions 
in Soop (1998, 2017). Both C. dulciolens and C. atropileatus have a brown to black pileus 
and a pale stipe, and are difficult to separate macroscopically. Spores of C. atropileatus had a 
shorter mean length (12.1 µm, n=180) and a narrower mean width (7.0 µm, n=180) than C. 
dulciolens (mean length: 13.2 µm (n=330), mean width: 7.4 µm (n=330), p < 0.0001) (Table 
4.2, Figure 4.1 c & Figure 4.2 b). However, both species have an overlapping range of spore 
sizes. Comparison of scanning electron micrographs of approximately 10 spores made from 
two collections of each species indicated that there is minimal variation between species. 
Representative images from the type specimen of C. atropileatus (Figure 4.3 a–c) and C. 
dulciolens (Figure 4.3 d–f) illustrate the minute differences in spore morphology. Cortinarius 
atropileatus had a less distinct plage and small nodules connected by fine ridges that had a 
web-like appearance. In contrast, the nodules in C. dulciolens were larger and often formed 
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plateaus that were connected by robust ridges. These subtle differences are not apparent in the 
light microscope (Figure 4.1 c and Figure 4.2 b). 
Table 4.2 Comparative morphological characters of C. dulciolens and C. atropileatus. 
 Cortinarius dulciolens Cortinarius atropileatus 
Lamellae Pale cinnamon to argillaceous, 
sometimes with a violet tinge, 
crowded 
Mauve to violet when young 
becoming brown with age, 
close, adnexed 
Mean spore length (μm) 13.3 12.1 
Mean spore width (μm) 7.4 7.0 
Spore ornamentation strong strong 
Plage strong weak 
Epicutis encrustations weak-moderate weak-moderate 
Epicutis clamps rare abundant 
Hypocutis encrustations brown, moderate-strong brown, weak-moderate 
Hypocutis clamps rare rare 
Trama encrustations brown, moderate-strong not observed 
Trama clamps occasional occasional 
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Figure 4.1 Cortinarius atropileatus holotype (OTA70424). a. Basidiocarps, scale = 1 cm; b. Pellis, 
illustrating the epicutis (EPI), hypocutis (HYP) and cortex (C), scale = 25 µm; c. Basidiospores, scale 
= 10 µm. 
4.4.2 Taxonomy 
Cortinarius atropileatus A. R. Nilsen & Orlovich, sp. nov.  Figure 4.1 & Figure 4.3 a–c 
MycoBank: MB 823338 
Typification: NEW ZEALAND. OTAGO: Catlins, Catlins River Walk, on soil under 
Nothofagus menziesii, 1 July 2017. A.R. Nilsen (holotype OTA70424). GenBank: ITS = 
MG367632, rpb2 = MG367646. 
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Diagnosis: Cortinarius atropileatus is distinguishable from C. dulciolens by the reduced 
verrucose spore ornamentation, less pronounced plage, more vivid mauve-violet lamellae 
when young, more abundant clamp connections in the epicuticular hyphae, and lack of 
encrustations in the tramal cell walls. 
Etymology: atropileatus pertains to the dark-coloured pileus. 
Sporocarp agaricoid. Pileus convex, 25–55 mm diam., subviscid, dark brown to almost black, 
innate fibrillose to granulose, margin paler. Lamellae mauve to violet when young becoming 
brown with age, close, adnexed. Stipe cylindrical to subclavate, occasionally with an adaxial 
protrusion at base, 40–60 × 8–18 mm, white to pale brown, fibrils from base becoming more 
granular-dotted towards the apex. Context white becoming pale yellow-brown with age. 
Odour sweet/honey-like, taste not recorded. Macrochemical reactions KOH dark brown on 
cutis and gills, weakly red-brown on stipe and stipe cortex. Basidiospores yellow-brown, 12.1 
± 0.9 (9–15) × 7.0 ± 0.5 (6–8) µm, Q = 1.7 ± 0.2, elliptic to subamygdaloid, moderately 
verrucose, ornamented with irregular nodules, some with faint plage, inamyloid. Basidia 
hyaline, occasionally stain brown in KOH, 36.5 (30–45) × 12 (11–17) µm, clavate, clamped, 
sterigmata to 5 μm, 4-spored. Basidioles clamped. Cystidia not observed. Epicutis undulating 
hyphae with abundant clamps, hyaline to yellow-brown pigmented hyphae, sporadically 
branching, weak to moderate epimembranous encrustations, hyphae 2.5–4 µm diam. 
Hypocutis comprised of irregularly shaped cells, 15–30 × 20–60 µm, yellow-brown 
pigmented some with brown encrustations in cell walls, clamp connections not observed. 
Context cells weakly to strongly yellow-brown pigmented, clamps present. Trama hyphae 
hyaline to weak brown without encrustations in the cell walls, 11–30 × 40–80 µm, clamps 
present. 
Ecology and distribution: Solitary to gregarious on soil, found under Nothofagus spp. and 
mixed Nothofagus/Leptospermum. Distributed on the South Island, collections are limited to 
Charleston, West Coast and the Catlins. 
Additional specimens examined: NEW ZEALAND. OTAGO: Catlins, Catlins River Walk, on 
soil under Nothofagus menziesii, 21 April 2017, A. R. Nilsen OTA70337 & OTA70423, 28 
May 2017, A. R. Nilsen OTA70420, OTA70421. WEST COAST: Charleston, Tiropahi Creek, 
on soil under Leptospermum and beech, 11 May 2006, D. A. Orlovich OTA60170. 
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Figure 4.2 Cortinarius dulciolens (OTA62181). a. Pellis, illustrating the epicutis (EPI), hypocutis 
(HYP) and cortex (C), scale = 25 µm; b. Basidiospores, scale = 10 µm. 
 
Figure 4.3 Scanning electron micrographs of spores. a–c. C. atropileatus (OTA70424); d–f. from C. 
dulciolens (OTA62181). Scale = 1 µm. 
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4.4.3 Phylogenetic position of C. atropileatus 
The maximum parsimony analysis resulted in 5990 equally parsimonious trees of length 848, 
each with consistency index = 0.529, retention index = 0.790 and a rescaled consistency index 
= 0.418. The maximum parsimony tree was topologically compatible with the Bayesian 
inference tree, and the maximum parsimony bootstrap values were transferred to the 
corresponding branches on the Bayesian tree (Figure 4.4). After 1 × 107 generations, the 
standard deviation of split frequencies was 0.001993. The Potential Scale Reduction Factor 
was 1.000, and the minimum Estimated Sample Size was greater than 3800, for all parameters 
sampled. 
Collections of C. atropileatus were monophyletic on the Bayesian tree (Figure 4.4) and were 
sister to C. porphyroideus s.s. (PDD106018) (PP=1, BS=100). The clade containing C. 
atropileatus is sister to the clade formed by C. beeverorum and C. dulciolens. The 
relationship between C. dulciolens and C. beeverorum was well supported (PP = 0.99, BS = 
78%). Within C. dulciolens, collections fell into two clades in the maximum parsimony 
analysis, one of those clades was also present in the Bayesian analysis (PP=1, BS=97%). The 
remaining collections of C. dulciolens comprised another clade in the parsimony analysis 
supported by a bootstrap value of 64%, but those collections, which included the holotype 
PDD68471, were not monophyletic in the Bayesian analysis. Within C. dulciolens, two 
genotypes of collections differ at seven sites in the ITS region and four sites in rpb2. No 
differentiating macroscopic or microscopic morphological characters that separated 
collections within the C. dulciolens clade were found. 
Cortinarius atropileatus is nested in a strongly supported clade (PP = 1, BS = 97%) 
corresponding to C. sect. Dulciolentes, which is dominated by sequestrate species. Of the taxa 
present in this section, only three have agaricoid fruitbodies: C. atropileatus, C. dulciolens 
and C. corrugatus. Interestingly, C. corrugatus has been observed to have a gasteroid form 
(R. E. Halling, https://www.nybg.org/bsci/res/hall/corrug.html). The remaining taxa all have a 
sequestrate habit: Cortinarius sp. (PDD106018, T833, H1213, H5791), C. beeverorum, 
Cortinarius atratus (MEL2057704, Trappe18831, TUB011923, Massee270) and C. 
peraurantiacus (PDD70818 and PDD80481). 
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Figure 4.4 Bayesian inference phylogeny of concatenated internal transcribed spacer (ITS) region 
and RNA polymerase second largest subunit (rpb2) sequences. Posterior probability values are 
indicated above branches and bootstrap (%) values from the maximum parsimony analysis are 
indicated below the branches. Sequestrate fungi denoted by solid circles. 
4.5 Discussion 
Cortinarius atropileatus is recognisable as a cuphocyboid Cortinarius. Soop (2017) recorded 
five species in the morphological group Cuphocybe (C. dulciolens, C. alboroseus, C. 
canovestitus, C. elaiochrous and C. phaeomyxa), based on an absent or rudimentary cortina, 
cylindrical stipe with a piston-like or rounded bulb, large, elliptic spores and epimembranal 
encrustations in the epicutis. Cortinarius atropileatus is distinguishable from most other 
cuphocyboid species: C. alboroseus is pale in colour and has a pink hue to its pileus and stipe, 
C. canovestitus is similar to C. alboroseus but lacks a pink tinge, C. elaiochrous is a glutinous 
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fungus with olive hues, and C. phaeomyxa has a chocolate-brown pileus with conspicuous 
ochre patches or squamules. Cortinarius atropileatus closely resembles C. dulciolens 
macroscopically, but can be distinguished by microscopic characters and is phylogenetically 
distinct. Similar to C. dulciolens, C. atropileatus exhibits a sweet, honey-like fragrance. 
Cortinarius sect. Defibulati also possesses a rudimentary or absent cortina but is distinguished 
from the species previously described in Cuphocybe based on hyphae lacking clamp 
connections (Soop 2014). 
Within C. dulciolens, some genetic variation is evident. Inspection of macroscopic and 
microscopic characters did not reveal any discernible intraspecific differences corresponding 
with the two genotypes identified. The lack of morphological differentiation and the small 
genetic variation may be an indication of an early speciation event or a slowdown in 
morphological character evolution (Egea et al. 2016). 
Sister to C. atropileatus is C. porphyroideus (PDD106018). Cortinarius porphyroideus is also 
associated with Nothofagus. Noteworthy is that C. section Dulciolentes has a high proportion 
of sequestrate species. Although sequestrate species are not uncommon in Cortinarius, clades 
that contain multiple sequestrate species are less common. A large meta-analysis of the 
evolution of Australian sequestrate fungi (Sheedy et al. 2016) showed sequestration within 
Cortinarius occurred twelve times, with seven transformations being autapomorphic and five 
transformations synapomorphic for clades of 2–5 species. Large species radiations from a 
sequestrate ancestor are determined to have occurred in the genera Turmalinea and 
Rossbeevera (Orihara et al. 2016). 
Cortinarius atropileatus is associated with Nothofagus in New Zealand. While myrtaceous 
species (Leptospermum and Kunzea) are recorded co-occurring with Nothofagus in some 
collections studied here, C. atropileatus is not recorded from habitats without Nothofagus 
present. Similarly, C. dulciolens is recorded from Nothofagus forests in New Zealand and has 
an overlapping distribution with C. atropileatus. Cortinarius dulciolens collections 
OTA69682 and OTA70444 were made in the same location as C. atropileatus collections 
OTA70337, OTA70423, OTA70424, OTA70420 and OTA70421. Due to the overlapping 
distribution, ecology and morphological characters of C. atropileatus and C. dulciolens, 
identification of these species in the field is difficult. 
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Chapter 5 
multigene_blastnparse.py: A python script to retrieve BLAST 
matches and associated sequences from additional gene regions for 
multigene phylogenetics 
5.1 Abstract 
Multigene phylogenies are powerful tools for inferring relationships between different taxa. 
However, much time is spent on the manual creation of databases of available sequence 
markers for each collection. The python script ‘multigene_blastnparse.py’ described here 
leverages biopython to retrieve all available markers from a BLASTN match of a specimen. 
Unique combinations of a species name with a specimen identifier are created to catalogue 
available markers for each BLAST result. BLAST results and available markers for each 
specimen is presented in a table for easy overview. Moreover, the script saves the matching 
sequences in a fasta-formatted file that have consistent identifiers across all available markers. 
This allows easy access to the sequences and seamless concatenation of alignments of 
different markers from the same vouchered specimen. The script is available from: 
https://github.com/arnilsen/Multigene-blastnparse. The script was used in Chapter 3 to 
recover additional LSU sequences from collections in the phylogenetic analyses. 
5.2 Introduction 
Phylogenetics is the study of evolutionary relationships between organisms using DNA 
markers and/or morphological information (Yang and Rannala 2012). The use of coding and 
noncoding DNA regions (also known as DNA markers) for phylogenetics is common practice 
and different markers have been utilised for different kingdoms to help resolve the tree of life 
(Parfrey et al. 2010; Burleigh et al. 2011; Ebersberger et al. 2012). The choice of DNA 
markers for phylogenetics has, in part, been driven by which markers have been adopted for 
DNA barcoding at species level. For instance, the internal transcribed spacer (ITS) was 
adopted for the barcoding of many fungi (Schoch et al. 2012), cytochrome c oxidase I (COI) 
for animals (Hebert et al. 2003) and ribosomal 16S gene has over time grown to become the 
de facto bacterial barcode (Links et al. 2012). DNA barcoding of plants is inherently difficult 
due to lack of universally informative regions and their difficulty of amplification 
(Hollingsworth et al. 2011). 
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In phylogenetics, single markers are often used to infer evolutionary relationships and 
commonly rely on DNA barcodes. However, in a strict sense, phylogenies from single 
markers only represent the history of the marker in question and may not be representative of 
a species (Maddison 1997). Additionally, single markers are often not able to resolve 
relationships between some taxa (Gontcharov et al. 2004; Devulder et al. 2005). To help 
overcome some of the limitations of single marker phylogenies, multiple markers are often 
employed (Frøslev et al. 2005; Tretter et al. 2013; Soop et al. 2019). As a result, these 
markers, as well as the standard DNA barcoding markers are been made available through 
GenBank. 
Typically, phylogenetic studies begin with a question e.g. what is a species/specimen related 
to, or, when did a species diverge from its last common ancestor? To answer such questions, 
researchers often proceed by searching for related sequences to their query sequence(s) on 
GenBank using BLASTN (Altschul et al. 1997). Similar sequences are identified using BLAST 
and matches are downloaded, aligned locally and phylogenetic analyses are performed on the 
alignment. When multigene approaches are used there is the added step(s) of finding 
additional markers. Ideally, multiple markers should be sourced from the same individual, 
allowing the aligned markers to be concatenated into a single linear sequence. To discover 
which of the BLAST matches have additional sequences available, the user has to perform 
additional manual searches on GenBank for the specimen vouchers or other unique identifiers 
from the BLAST matches. The manual searching for additional markers requires an extensive 
amount of time, especially if large phylogenies are to be analysed. 
Once sequences have been decided on, multiple sequence alignments (MSA) are performed 
on each marker region separately and either concatenated or interlaced before performing 
phylogenetic analyses. Generally, before MSA’s can be concatenated/interlaced in 
bioinformatic platforms like Geneious (Biomatters) or concatenation specific software like 
SequenceMatrix (Vaidya et al. 2011), the identifying names must be exactly the same to allow 
seamless concatenation. Otherwise, sequences from different marker regions are not 
recognised and are orphaned in the concatenated MSA. 
In an attempt to mitigate some of the manual searching and creation of sequence databases for 
MSA and ultimately phylogenetics, the script ‘multigene_blastnparse.py’ was created for 
fungal research, but can be used for other kingdoms. It is written in Python3 and leverages the 
Biopython module (Cock et al. 2009). This script takes a user file in fasta format of query 
sequences and performs BLASTN against the nr database. BLASTN matches and their associated 
additional markers are retrieved from GenBank. The blast matches are written to a csv file 
with the BLASTN hit information and the accession numbers from any additional markers 
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available for the match. Additionally, the sequences from the BLASTN matches and their 
associated markers are written to a fasta file. The identifier for each sequence is a 
combination of the organism name and specimen identifier allowing different markers to be 
seamlessly concatenated in multigene alignments. The script is available from: 
https://github.com/arnilsen/Multigene-blastnparse. 
5.3 Functionality of the script 
multigene_blastnparse.py progresses in an iterative manner by querying NCBI for 
information, parsing the results and re-querying NCBI. The script begins by taking a user 
supplied fasta file containing query sequences. Using the Entrez functionality in biopython, 
the query sequences are blasted against the GenBank nr database using the BLASTN algorithm. 
BLAST results are saved locally as an xml file and the GenBank accession numbers for each of 
the BLAST matches are extracted. Accession numbers are then used to query NCBI for txids 
and all sequences linked to the txids are downloaded in batches of 200 and saved as a 
database in gb format. This database is parsed, creating dictionary entries for each unique 
identifier, storing all the associated available markers and accessions. The dictionary is then 
searched against the BLAST matches. The BLAST matches, BLAST hit information (pairwise 
identity (pairwise), length of the alignment (align_length), and which query sequence the 
match is to, numbered in the order that the sequences are in the user provided fasta file 
(query)) and all other markers available are written to a csv file (Figure 5.1). Each row of the 
csv file contains a unique identifier that is shared across all available markers for that 
specimen. If no identifying voucher can be ascertained, then the species is listed with 
‘unknown’ and an incremented number appended to it. If any of the BLAST matches occur for 
more than one of the query sequences, only the BLAST match with the highest pairwise 
similarity across the longest length is retained. Several additional features have been 
integrated into the csv file: identification of type specimens, identification of joint ITS and 
LSU sequences, and concatenation of gene names. The script can identify if a matching 
sequence is from a type specimen, appending ‘-TYPE’ to the marker. Additionally, if the 
sequence is from the ITS region and is longer than 700 bp long, the sequence is labelled as 
‘ITS-LSU?’. Sequences that cannot be identified are binned as unknown. Sequences that 
contain multiple genes have their unique marker names concatenated e.g., trnL–trnF. 
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Figure 5.1 Example section of csv file produced by multigene_blastnparse.py from blast matches in 
Chapter 3. Note: Image has been cropped for readability. 
The csv file can be viewed in any spreadsheet software like Excel and gives the researcher 
immediate oversight of which of the BLAST matches has one or more markers available. 
Moreover, the csv file can be eventually be reduced to include only taxa that will be used in 
the phylogenetic analyses, reducing the time required to create tables for manuscripts. 
In addition to the table, a fasta file containing all the sequences from the BLAST matches and 
their additional markers is created (Figure 5.2). The first position of the header in the fasta file 
contains the same species-voucher identifier as in the csv file. The second and third header 
position in the fasta file contains the accession and marker, respectively. This allows the user 
to extract all sequences using the identifier in the csv using grep, e.g., 
grep -A 1 ‘>Cortinarius_acidophilus__O:T.-E.-Brandrud-61-79’ <fasta file> | sed '/^--$/d' > 
<file name.fasta> 
>Cortinarius_acidophilus__O:T.-E.-Brandrud-61-79 NR_157921 ITS-TYPE 
TTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAG… 
>Cortinarius_acidophilus__O:T.-E.-Brandrud-61-79 KF732241 ITS 
TTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAG… 
>Cortinarius_acidophilus__O-125826 AY669524 ITS and LSU? 
GCACACTTGTCATCTTTATATCTCCACCTGTGCACCTTTTGTAGACCTGGATA… 
Figure 5.2 Example section of fasta file produced by multigene_blastnparse.py. Note: sequences 
have been truncated for readability. 
Due to the identical nature of the unique identifier that is shared across all available markers, 
markers from different regions can be seamlessly concatenated. 
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There are two main limitations of this script: inconstancies in species names/specimen 
vouchers in GenBank entries and whole genomes. Occasionally GenBank entries contain 
discrepancies in their species names and specimen vouchers in different markers from the 
same individual. This causes the script to create separate rows for non-identical species and 
vouchers. These differences can mostly be detected by the user as the csv is ordered 
alphabetically and the different entries are normally grouped together. 
The other limitation stems from BLAST matches to genomes. BLAST matches to genomes 
results in the genomes being retrieved from NCBI. If the genome is annotated with multiple 
genes then all the unique gene names are concatenated in the csv and fasta file. The separate 
regions are not extracted. I intend to add functionality that will extract gene regions from 
genomes in the future. 
While this script is aimed at fungal phylogenetics, it has been successfully trialled on a 
limited number of plant and animal query sequences. 
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Chapter 6 
Chloroplast genome of Nothofagus menziesii and its potential 
application in population genetics 
6.1 Abstract 
Nothofagus menziesii is a widespread tree species in New Zealand. It has high ecological, 
cultural and economic status. Moreover, due the disjunct distribution of N. menziesii in New 
Zealand, it is of interest for population genetics studies. Despite this, there are currently no 
whole chloroplast genomic resources available for this species. Here, the whole chloroplast 
genome from N. menziesii is presented. Oxford nanopore and Illumina sequencing were used 
to sequence the chloroplast genome of an individual from the Dunedin Botanic Gardens and 
assembled de novo. The chloroplast genome is 156 145 bp long and has a typical quadripartite 
structure with a large single copy region (LSC) of 85 441 bp, small single copy region (SSC) 
of 18 592 bp and two inverted repeats (IR), each 26 056 bp long. The genome contains 130 
genes, including 86 protein-coding, 8 rRNA and 36 tRNA genes. Additionally, the chloroplast 
genome of another N. menziesii individual from St Arnaud, Tasman District was sequenced 
using Illumina MiSeq. In a comparison of the two genomes, a total of 131 polymorphic sites 
were identified. Single nucleotide polymorphisms (SNPs) accounted for 53.4% of all the 
polymorphisms, multi-nucleotide polymorphisms accounted for 4.5% and insertion/deletions 
(indels) accounted for 42%. Twenty SNPs were in genes, 14 of which were non-synonymous. 
The SNP density was highest in the SSC with 0.75 SNPs per kb. Conversely, indel density 
was highest in the LSC (0.57 indels per kb). Additionally, 13 regions that are shorter than 700 
bp were identified to contain 3 SNPs each, making these regions suitable for future Sanger 
sequencing targets in population genetic studies. Differences between genomes were 
determined to be genuine as intraindividual variation was only detected in homopolymer 
regions and are attributed to slippage during DNA replication. This study provides a valuable 
resource for the study of population genetics of N. menziesii. 
6.2 Introduction 
Nothofagus is a dominant tree genus in New Zealand. Five native species of Nothofagus 
belonging to the subgenera Fuscospora and Lophozonia are present in New Zealand. 
Nothofagus menziesii (Hook.f.) Oerst is the only representative from the subgenus 
Lophozonia in New Zealand. Other species from Lophozonia are known from South America 
and Australia (Vergara et al. 2014). Nothofagus menziesii is an ecologically, culturally and 
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economically important tree. It has a wide distribution on both the North and South Island, 
grows from almost sea-level to mountainous regions, and is a common Nothofagus species on 
the South Island (Wardle 1984). It is a Taonga (treasured) species to Ngāi Tahu (New Zealand 
Government 1998), a Māori tribe and is milled for its desirable timber qualities (Wardle 
1984).  
Much debate surrounds the biogeographic history of southern beech forests in New Zealand 
and the causes of its present day distribution. Most notably the disjunct distribution of 
Nothofagus on the South Island and its absence from central Westland, also known as the 
‘Westland beech gap’ (Figure 6.1). Several competing hypotheses have been proposed for the 
existence of the Westland beech gap. One hypothesis postulates that during the last glacial 
maxima (LGM, 34 000–18 000 years ago), Nothofagus was excluded from the area due to 
glaciation (Wardle 1963; Burrows 1965; Trewick and Wallis 2001). The recolonisation of the 
South Island is thought to have stemmed from the expansion of multiple smaller refugia 
dotted across the South Island (Wardle 1963; Burrows 1965; Trewick and Wallis 2001; 
Newnham et al. 2013). Contrastingly, McGlone (1985) suggested that the current Nothofagus 
distribution is the result of plate tectonics. An alternative hypothesis suggested by Baylis 
(1980) theorised that the absence of ectomycorrhizal fungi (ECM) may preclude the 
expansion of Nothofagus into areas lacking inoculum. 
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Figure 6.1 Map of continuous Nothofagus forest in New Zealand illustrating the main beech gaps. 
Map adapted from Te Ara - the Encyclopaedia of New Zealand. 
6.2.1 Introdution to chloroplasts 
Chloroplasts (a type of plastid) are central to the conversion of light energy to chemical 
energy in plants. These organelles are descended from a bacterium captured in an ancient 
endosymbiotic event and, as a result, contain a compartmentalised genome, separate from the 
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nuclear genome. Over time, the chloroplast genome has exchanged genes with the nuclear 
genome, thereby reducing in size (Gray 1992; Martin and Herrmann 1998). Chloroplast genes 
are often used in phylogenetics as they are available in high copy numbers making them 
relatively easy to amplify and sequence (Palmer 1985; Taberlet et al. 1991). Genes, introns 
and intergenic regions from chloroplasts have varying evolutionary rates, making them 
suitable for resolving different taxonomic levels, particularly for deep divergences (Kim and 
Jansen 1995; Dong et al. 2012). Additionally, chloroplasts have been used in population 
genetics for example, to help illuminate the demographic histories of Michelia yunnanensis 
Franch (Zhang et al. 2017) and to test the central–marginal hypothesis in Taxus wallichiana 
var. mairei (Lemée & H.Lév.) L.K.Fu & Nan Li (Liu et al. 2019). Chloroplasts can also be 
informative in identifying hybridisation and chloroplast capture in conjunction with nuclear 
markers (Liu et al. 2020). Due to chloroplasts being maternally inherited, chloroplast gene 
flow is restricted to seed dispersal (Moore et al. 2010). Thus, chloroplasts can to be used for 
understanding historical patterns and migration of plant species (Kohrn et al. 2017). 
Exceptions to maternal inheritance are known from some plant groups and species (Mogensen 
1996; Zhang et al. 2003). 
In land plants, chloroplast genomes are mostly circular and have a largely conserved 
quadripartite structure consisting of a large single copy region (LSC), a small single copy 
region (SSC) and an inverted repeat pair (IRA, IRB). In general, chloroplast genomes are 
120–170 kb in length (Shaw et al. 2007). However, large deviations in genome size have been 
recorded with genomes ranging from ~86 kb in the holoparasitic plant Cuscuta campestris 
Yunck (Wang and Lanfear 2019) to ~218 kb in Pelargonium ´ hortorum L. H. Bailey 
(Chumley et al. 2006). Chloroplast genomes contain ~120 genes, which are primarily 
involved in photosynthesis, transcription and translation (Daniell et al. 2016). Within an 
individual, different chloroplast structural haplotypes can exist, referred to as structural 
heteroplasmy. The causes and maintenance of structural heteroplasmy are not fully 
understood, but it has been hypothesised that flip-flop recombination is the likely underlying 
cause (Stein et al. 1986). This is thought to be mediated through reciprocal recombination 
between IRs within a chloroplast, producing an intermediate dumbbell-like structure (Stein et 
al. 1986). Recent research using long-read sequencing has found a 1:1 ratio of chloroplast 
haplotypes in 58 land plant species across 17 orders of Angiosperms (Wang and Lanfear 
2019). Additionally, the authors found that when chloroplasts genomes lack IRs or have 
severely reduced IRs then only a single structural haplotype exists in an individual 
(homoplasmy). These results lend support to the flip-flop recombination hypothesis. 
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The continual development of next generation sequencing technologies has improved the 
economics and accessibility of whole genome sequencing. Yet, with each different 
sequencing technology come different caveats. Short-read technologies (e.g., Illumina) have a 
low per-base error rate (0.24%) (Pfeiffer et al. 2018) but are restricted to reads that are several 
hundred base pairs. Long-read technologies (PacBio and Oxford Nanopore), on the other 
hand, can regularly generate sequences greater than 10 kb at the expense of having high per 
base error rates, which can be more than 10% (Edge and Bansal 2019; Kono and Arakawa 
2019). In the case of Oxford Nanopore, the sequence length is only limited by the DNA 
fragment length and a sequence of greater than 2 Mb has been reported (Payne et al. 2019). 
Typically, assemblies from short-read-only data are prone to lower contiguity and 
misassemblies (Treangen and Salzberg 2011), whereas long-read only assemblies are more 
contiguous at the cost of accuracy (Kono and Arakawa 2019). Hybrid assemblies using long 
and short-reads leverages both their strengths, producing highly contiguous and accurate 
scaffolds (Wick et al. 2017; Zimin et al. 2017). Chloroplast genomes are represented in high 
copy numbers, so assembling their genomes from hybrid (short- and long-read) datasets is 
relatively straight forward, even from low coverage, genome skimming whole genome 
datasets. As a result there have been an increasing number of chloroplast genomes becoming 
available, for example in Eucalyptus (Wang et al. 2018) and Pinus (Kang et al. 2019). 
Here, the first complete, annotated chloroplast genome from Nothofagus is reported. The 
potential utilisation of the chloroplast genome in population genetics is investigated by 
comparison of chloroplast genomes from two individuals. 
6.3 Materials and methods 
6.3.1 Tissue collection and DNA extractions 
Two N. menziesii individuals were used for whole genome sequencing. One individual from 
the Dunedin Botanic Gardens in New Zealand was selected as the focus for high coverage 
sequencing and use as a reference genome. This individual has unknown provenance. The 
second individual was from St Arnaud, Tasman District and shallow sequencing (genome 
skimming) was performed on this individual. Both individuals were free from obvious 
epiphytic growth by black sooty mould that can be common in southern beech forests. All 
DNA extractions were performed on the youngest possible leaves. For the Dunedin collection, 
leaves were immediately frozen in liquid nitrogen onsite and stored at −80ºC until extraction. 
The St Arnaud sample was collected and stored on ice for ca 12 hours, then frozen at −20ºC 
until DNA extractions could be performed. 
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Two different DNA extraction procedures were used for the high coverage Dunedin sample 
using Illumina and Nanopore sequencing. DNA for Illumina sequencing was extracted from 4 
´ 400 mg samples of leaves following the protocol ‘High quality DNA extraction protocol 
from recalcitrant plant tissues protocol’ (McLay 2017), with the slight modification, scaling 
the protocol for 400 mg of starting tissue, omitting the BSA and combining the four 
extractions into a single extraction at the second chloroform step. Briefly, tissue was ground 
under liquid nitrogen using a mortar and pestle, the disrupted tissue was resuspended in STE 
(0.25 M sucrose, 0.03 M Tris, 0.05 M EDTA) to help remove polysaccharides, and modified 
CTAB (Carlson et al. 1991) buffer. The lysate was washed twice in an equal amount of 
chloroform and DNA was precipitated in sodium acetate and isopropanol. The DNA pellet 
was washed twice with 70% ethanol and resuspended in Tris-EDTA (TE) buffer. The protocol 
is available at: https://www.protocols.io/view/high-quality-dna-extraction-protocol-from-
recalcit-i8jchun. The DNA was further purified and size-selected using a 1:1 ratio of 
Agencourt AMPure XP beads (Beckman) to DNA extraction solution. DNA was submitted to 
Otago Genomics Facility for library preparation using the Takara Thruplex DNA-seq kit 
(Takara Bio) and sequencing using v4, 2 ´ 125 bp chemistry on an Illumina HiSeq 2500. 
DNA for Oxford Nanopore sequencing was extracted from 4 ´ 800 mg samples of young 
leaves following the Oxford Nanopore protocol ‘High molecular weight gDNA extracted 
from fever tree leaves (Cinchona pubescens)’. Registration with Oxford Nanopore is required 
to access this protocol. Briefly, leaves were disrupted by grinding in a mortar and pestle under 
liquid nitrogen. DNA was extracted with freshly prepared CTAB lysis buffer (Carlson et al. 
1991). The lysate was washed twice in chloroform and DNA was precipitated in isopropanol. 
Precipitated DNA was resuspended in G2 buffer (Qiagen). The separate extractions were 
combined and purified using a Qiagen Genomic-tip 100/G following the manufacturer’s 
instructions. DNA was submitted to Custom Science (New Zealand) for library preparation 
and PromethION sequencing. DNA was sheared to 20–30 kb fragments using a g-TUBE 
(Covaris) and size-selected for fragments larger than 8 kb using the BluePippen system (Sage 
Science). Libraries were prepared using a ligation sequencing 1D kit (SQK-LSK109, Oxford 
Nanopore Tech.) following the manufacturer’s instructions. Libraries were sequenced on a 
FLO-PRO002 (R9.4.1) flow cell and sequenced on a PromethION (Oxford Nanopore Tech.). 
DNA for low coverage sequencing from the St Arnaud individual was extracted using a 
Qiagen DNeasy Plant Maxi Kit following the manufacturer’s instructions. One gram of leaves 
ground under liquid nitrogen was used. DNA was submitted to Otago Genomics Facility for 
library preparation using the Illumina TruSeq DNA Nano Library Preparation V1, 2 ´ 250 bp 
and sequenced on an Illumina MiSeq. 
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6.3.2 Genome assemblies and bioinformatics 
Data from the Dunedin sample were processed as follows. Raw Nanopore sequence data were 
base-called using the default settings in Guppy 3.6.0 implementing the high accuracy 
algorithm (Oxford Nanopore Tech.). Only sequences that had a Q value greater than seven 
were retained. Sequences that were shorter than 1000 bp were removed using a custom 
Python script prior to assembly 
(https://github.com/arnilsen/beech_scripts/blob/master/rm_shorts.py). Nanopore summary 
data were obtained using MinIONQC 1.1.35 (Lanfear et al. 2019). Raw Illumina data were 
checked using FastQC 0.11.8 (Andrews 2010), quality and adaptor trimmed prior to genome 
assembly using the default settings in Trimmomatic 0.36 (Bolger et al. 2014). Only paired 
reads with a minimum length of 115 bp were retained. Reference Fagus chloroplasts were 
retrieved from NCBI on 1 May 2020 (txid21024 [Organism] AND refseq[filter] AND 
chloroplast[filter]). The filtered Illumina sequences were aligned to the chloroplast reference 
database using the default settings in BBmap implemented in BBtools 38.06 (Bushnell 2014). 
Nanopore reads were mapped to the chloroplast reference database using minimap2 with the 
map-ont option (Li 2018). To reduce the assembly computational burden, only mapped 
nanopore reads of 50–60 Kb were retained for the chloroplast genomes using a custom Python 
script (https://github.com/arnilsen/beech_scripts/blob/master/50-60k_reads.py). Reads of this 
length cover ca 1/3 of the chloroplast genome and are sufficiently long enough to span 
inverted repeat regions. 
The chloroplast genome was assembled using the Unicycler 0.4.9b pipeline (Wick et al. 
2017), utilising both the mapped Nanopore and Illumina sequences. Unicycler integrates 
multiple applications for assembly and polishing of the final genome: Spades (Bankevich et 
al. 2012), Racon (Vaser et al. 2017), BLAST (Altschul et al. 1997), Bowtie (Langmead and 
Salzberg 2012), SAMtools (Li et al. 2009) and Pilon (Walker et al. 2014). Hybird Unicycler 
assemblies have been found to be as good as, or better than de novo Illumina only assemblies 
for chloroplast genomes (Wang et al. 2018; Scheunert et al. 2020). The final assembly graphs 
were inspected in Bandage (Wick et al. 2015). Genome coverage was determined by mapping 
the trimmed reads that were used for the assembly against assembled genome using bbmap 
with the high sensitivity option in Geneious Prime (2020). 
The chloroplast genome was annotated using the in GeSeq 1.81 pipeline (Tillich et al. 2017), 
with the recommended settings. Coding and rRNA regions were annotated with Blat (Kent 
2002) searches using MPI-MP chloroplast reference set for the chloroplast, tRNA were 
determined using ARAGORN 1.2.38 (Laslett and Canback 2004). The chloroplast annotation 
figure was generated as part of the GeSeq pipeline using OGDRAW (Greiner et al. 2019). 
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Genomes were orientated to the beginning of the LSC region. The presence of chloroplast 
haplotypes was assessed with Chloroplast-genome-haplotype-ratio-detection (Cp-hap) (Wang 
and Lanfear 2019) using the mapped 50–60 Kb reads. Deviance from the expected haplotype 
ratio of 1:1 was tested using a binomial distribution test in base R. 
Assembly of the chloroplast genome from the St Arnaud individual broadly followed the 
steps outlined above. Raw sequences were trimmed and filtered using Trimmomatic, only 
retaining reads that passed filtering with a minimum length of 230 bp. Trimmed reads were 
mapped to the assembled chloroplast genome of the Dunedin individual using bbmap and 
assembled using Unicycler. Long-reads from the Dunedin individual were able to be utilised 
in the Unicycler assembly due to their high error profile. 
Intra-individual polymorphisms in the chloroplast assemblies were determined using 
NOVOPlasty 4.0 with a minimum minor allele frequency of 10% (Dierckxsens et al. 2016, 
2020). Because NOVOPlasty require that Illumina reads have only been adapter trimmed, raw 
sequence data for this analysis was trimmed using Trimmomatic with the default adaptor 
trimming options. The trimmed reads were filtered using the filter_reads.pl script provided 
with NOVOplasty to remove any reads that didn’t have a minimum 16 bp alignment to the 
respective assembled chloroplast genome to reduce computation before performing the 
analysis. 
The genomes from Dunedin and St Arnaud were aligned in Geneious using the MAFFT 7.450 
(Katoh and Standley 2013) with the FFT-NS-i algorithm. Variant calling was performed in 
Geneious using the default settings. SNP, multiple nucleotide polymorphism (MNP) and indel 
density per kb were calculated for the LSC, SSC and IR regions counting each polymorphism 
as a single event i.e., an indel is one event, irrespective of its length. This was calculated using 
the following equation:  . 
To investigate the use of regions exhibiting high SNP density for future population genetic 
studies, a custom python script was used to identify all regions that contained 2–8 SNPs in the 
alignment of whole chloroplasts 
(https://github.com/arnilsen/beech_scripts/blob/master/find_snps.py). The script compares 
each position in the alignment of the two chloroplast genomes, identifying alignment 
coordinates of SNPs. Regions were filtered on length to only include regions that were less 
than 700 bp long. Such lengths are suitable for Sanger sequencing. 
The Nothofagus distribution map was created in R 3.5.1 (R Core Team 2018) using the 
packages GGPLOT23.1.0 (Wickham 2016), RGDAL 1.4-4 (Bivand et al. 2019), and SF 0.7-7  
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(Pebesma 2018). Locations of continuous Nothofagus were obtained from Te Ara - the 
Encyclopaedia of New Zealand (https://teara.govt.nz/en/map/13299/beech-forest-in-new-
zealand). 
6.4 Results 
Illumina HiSeq sequencing yielded a total of ca 82 Gb from the Dunedin N. menziesii 
individual, 78.95% of which passed trimming. Nanopore sequencing produced 2.1 million 
reads with a Q value ³ 7, an N50 of 28.5 Kb and 46.9 Gb total bases that were longer than 1 
kb. A total of 6.2 million HiSeq paired-end reads and 3522 nanopore reads (50–60 kb) 
mapped to the Fagus chloroplast genomes and were used in the Unicycler assembly. 
The chloroplast assembly from the Dunedin individual yielded a circular chromosome of 156-
145 bp with a standard quadripartite structure, LSC = 85 441 bp, SSC = 18 592 bp and the IRs 
= 26 056 bp (Figure 6.2). Mean coverage of the chloroplast was 9958 and had a GC content of 
37%. The chloroplast from the Dunedin individual contained 130 genes, including 86 protein-
coding, 8 rRNA and 36 tRNA genes (Table 6.1). 
 92 
 
Figure 6.2 Annotated chloroplast genome from the Dunedin individual of Nothofagus menziesii. 
Genes on the outside are transcribed clockwise, genes on the inside are transcribed anticlockwise. 
LSC = large single copy region, SSC = small single copy region and IRA/B = inverted repeat. GC 
content is depicted on the innermost circle. 
Two structural haplotypes were found to exist in the following conformations: LSC-IR-
SSCrc-IRrc (701 mapped reads) and LSC-IR-SSC-IRrc (705 mapped reads). The number of 
mapped reads did not deviate significantly from the expected 1:1 ratio (frequency = 0.50, P = 
0.94). Five intra-individual heteropolymorphic sites were found in the chloroplast genome 
from the Dunedin individual (Table 6.2). These were all single base deletions in 
homopolymer regions, all of which were in intragenic regions. 
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Table 6.1 Genes encoded on the chloroplast genome from the Dunedin individual of Nothofagus 
menziesii. 
Category Gene name 
ATP synthase atpA, atpB, atpE, atpF*, atpH, atpI 
clpP/matK clpP*, matK 
cytochrome b/f complex petA, petB, petD, petG, petL, petN 
hypothetical chloroplast reading frames ycf1 (´ 2), ycf2 (´ 2), ycf3*, ycf4 
NADH dehydrogenase ndhA*, ndhB* (´ 2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, 
ndhI, ndhJ, ndhK 
other proteins accD, ccsA, cemA, infA, pbf1 
photosystem I psaA, psaB, psaC, psaI, psaJ 
photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, 
psbK, psbL, psbM, psbT, psbZ 
ribosomal proteins (LSU) rpl14, rpl16, rpl2* (´ 2), rpl20, rpl22, rpl23 (´ 2), rpl32, 
rpl33, rpl36 
ribosomal proteins (SSU) rps11, rps12*a (´ 2), rps14, rps15, rps16*, rps18, rps19, 
rps2, rps3, rps4, rps7 (´ 2), rps8 
ribosomal RNAs rrn16 (´ 2), rrn23 (´ 2), rrn4.5 (´ 2), rrn5 (´ 2) 
RNA polymerase rpoA, rpoB, rpoC1*, rpoC2 
Rubisco large subunit rbcL 
transfer RNAs trnA-UGC* (´ 2), trnC-ACA*, trnC-GCA, trnD-GUC, trnE-
UUC* (´ 3), trnF-GAA, trnG-GCC, trnH-GUG, trnK-
UUU*, trnL-CAA (´ 2), trnL-UAA*, trnL-UAG, trnM-CAU 
(´ 4), trnN-GUU (´ 2), trnP-UGG, trnQ-UUG, trnR-ACG 
(´ 2), trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-
GGU, trnT-UGU, trnV-GAC (´2), trnW-CCA, trnY-GUA 
* intron present in gene, (´ n) number of genes, a trans-spliced gene 
Table 6.2 Intra-individual variation in the chloroplast genome from the Dunedin individual. 
Position Change Type Allele frequency Coverage 
13508 –A Deletion 0.103 1636 
23401 –A Deletion 0.452 376 
60086 –A Deletion 0.158 2040 
66590 –T Deletion 0.114 4024 
69349 –A Deletion 0.172 1478 
 
Illumina MiSeq sequencing of the St Arnaud individual produced 8.6 Gb, 83.1% passing 
trimming and 1.1 million reads mapped to the chloroplast genome from the Dunedin 
individual. The chloroplast genome assembly from the St Arnaud individual was 156 230 bp, 
 94 
85 bp longer than the Dunedin individual. Expansions of the LSC region (85 509 bp, 69 bp 
increase), SSC (18 607 bp, 15 bp increase) and the IRs (26 057 bp, 1 bp increase) were 
observed compared to the Dunedin sample. A single intra-individual heteropolymorphic 
deletion was detected at position 1778 in the St Arnaud chloroplast (allele frequency = 0.1, 
coverage = 456). Similar to the Dunedin individual, this intra-individual polymorphism was a 
single base deletion in a homopolymer stretch of an intergenic region. No structural 
rearrangements were observed between the two chloroplasts. 
Alignment and variant calling of the two genomes found 131 polymorphisms (Table 6.3). 
SNPs accounted for the majority of all the polymorphisms (53.4%), with 28.6% of SNPs 
occurring within genes. Of the 20 SNPs occurring in genes, 14 resulted in amino acid changes 
in matK, ndhF (´ 2), ndhK, rpl14, rpl22, rpl33, rpoB, ycf1 (´ 6) (Table 6.4). While 68.5% of 
all the SNPs occurred in the LSC, the SSC had a higher SNP density of 0.75 SNPs per kb, 
compared to 0.56 SNPs per kb in the LSC. The IR had the lowest SNP density of 0.15 SNPs 
per kb. 
MNPs were the rarest polymorphism type and accounted for 4.5% of the polymorphisms and 
were only present in the LSC (Table 6.4). This equated to 0.07 SNPs per kb. All MNPs were 
two bases long. 
Table 6.3 Number and type of polymorphisms found between the chloroplast genomes of the 
Dunedin and St Arnaud individuals. 
Polymorphism Number Number of nonsynonymous mutations 
Deletions 31 (0 in coding regions) 0 
Insertions 24 (0 in coding regions) 0 
SNPs 70 (20 in coding regions) 14 
MNP’s 6 (0 in coding regions) 0 
Total 131 14 
 
Insertions and deletions (indels) comprised of 42.0% (55) of the polymorphisms, none of 
which were in coding regions. Indels ranged from a single base to 22 bases long (Table 6.5). 
Eighty-nine percent of the indels occurred in the LSC region compared to 11% in the SSC 
region. No indels were recorded in the IR regions. Indel density was highest in the LSC with a 
density of 0.57 indels per 1kb. The SSC had a indel density of 0.32 indels per kb. 
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Table 6.4 Position of single nucleotide polymorphism (SNPs) and multiple nucleotide 
polymorphism (MNP) on the Dunedin chloroplast genome 
Polymorphism Position Change Codon change gene Amino acid change 
Codon 
number Region 
SNP 271 A → T     LSC 
 2698 T → C CAA → CGA matK Q → R 314 LSC 
 3831 T → C     LSC 
 4500 G → T     LSC 
 6706 C → A     LSC 
 7598 G → T     LSC 
 9525 A → C     LSC 
 10071 G → A     LSC 
 11047 G → T     LSC 
 14122 C → A     LSC 
 14379 A → G     LSC 
 23825 C → T     LSC 
 26089 T → C GAA → GAG rpoB None 537 LSC 
 26736 T → G AAA → CAA rpoB K → Q 322 LSC 
 28515 A → T     LSC 
 28715 G → T     LSC 
 29771 G → A     LSC 
 30066 C → A     LSC 
 30853 T → A     LSC 
 30855 A → T     LSC 
 30857 T → A     LSC 
 32481 T → A     LSC 
 33137 G → T     LSC 
 35412 C → T ACC → ACT psbD None 317 LSC 
 37774 C → T     LSC 
 38977 C → T     LSC 
 41056 G → A TTC → TTT psaB None 51 LSC 
 48726 A → C     LSC 
 51031 C → T CGA → CAA ndhK R → Q 159 LSC 
 52288 C → A     LSC 
 55840 T → C     LSC 
 59912 A → C     LSC 
 62048 C → A     LSC 
 64094 T → G     LSC 
 64292 G → T     LSC 
 66545 T → G     LSC 
 66694 G → A     LSC 
 66780 T → G     LSC 
 67049 T → G     LSC 
 68621 A → G AAT → GAT rpl33 N → D 17 LSC 
 70044 A → C     LSC 
 71451 C → T     LSC 
 72801 C → A     LSC 
 76256 T → C     LSC 
 82035 T → C ATT → GTT rpl14 I → V 39 LSC 
 82709 T → C     LSC 
 82812 T → G     LSC 
 84907 T → A  rpl22 None 57 LSC 
 100715 A → G     IRA 
 101856 C → T     IRA 
 109467 T → G     IRA 
 111028 G → A CCG → CCA ycf1 None 232 IRA 
 111601 A → G TTA → TTG ycf1 None 423 SSC 
 114012 C → T TCT → TTT ycf1 S → F 1227 SSC 
 114294 A → C AAT → ACT ycf1 N → T 1321 SSC 
 114396 G → T AGA → ATA ycf1 R → I 1355 SSC 
 114785 G → C GAA → CAA ycf1 E → Q 1485 SSC 
 115209 C → T ACA → ATA ycf1 T → I 1626 SSC 
 115652 G → T GTT → TTT ycf1 V → F 1774 SSC 
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Polymorphism Position Change Codon change gene Amino acid change 
Codon 
number Region 
 119297 A → T     SSC 
 119408 T → C     SSC 
 125738 A → T     SSC 
 125870 A → C     SSC 
 127873 A → C     SSC 
 129000 C → T CAT → TAT ndhF H → Y 373 SSC 
 129822 A → T ATT → TTT ndhF I → F 647 SSC 
 130559 C → T CCG → CCA ycf1-fragment None 232 IRB 
 132120 A → C     IRB 
 139731 G → A     IRB 
 140872 T → C     IRB 
MNP 30845 TC → AT     LSC 
 30864 AT → GA     LSC 
 33847 TC → GA     LSC 
 38278 TC → GA     LSC 
 47705 TA → AT     LSC 
 55995 TC → GA         LSC 
 
Table 6.5 Position of insertions and deletions on the Dunedin chloroplast genome 
Polymorphism Position Change Indel length Region 
Deletion 1765 (A)15 → (A)14 1 LSC  
4938 (A)10 → (A)8 2 LSC  
9005 (A)8 → (A)7 1 LSC  
12638 (A)11 → (A)10 1 LSC  
13497 (A)12 → (A)11 1 LSC  
16231 (T)10 → (T)9 1 LSC  
23376 (C)13 → (C)12 1 LSC  
30107 (A)11 → (A)10 1 LSC  
31312 -TTAAAAT 7 LSC  
37938 (A)11 → (A)10 1 LSC  
44438 (C)11 → (C)8 3 LSC  
48257 (A)15 → (A)12 3 LSC  
50076 (T)13 → (T)11 2 LSC  
52434 (T)9 → (T)8 1 LSC  
55895 -GACGAAT 7 LSC  
60074 (A)13 → (A)12 1 LSC  
61858 -TTTTTCTTATTGCATTTCTG 20 LSC  
70564 (T)10 → (T)8 2 LSC  
71714 (T)10 → (T)6 4 LSC  
72436 (T)10 → (T)9 1 LSC  
73262 (C)15 → (C)14 1 LSC  
73434 (T)10 → (T)7 3 LSC  
76721 (G)13 → (G)11 2 LSC  
80557 (T)7 → (T)6 1 LSC  
82236 (T)12 → (T)10 2 LSC  
83818 (T)11 → (T)10 1 LSC  
84625 (T)12 → (T)11 1 LSC  
116180 (A)5 → (A)4 1 SSC  
120638 (A)12 → (A)11 1 SSC  
126329 -TTAAAAAAG 9 SSC  
127380 (T)9 → (T)8 1 SSC 
Insertion 118 (T)10 → (T)11 1 LSC  
4873 +ATATTAATTATAAA 14 LSC  
4914 +ATTAAAAAGTATT 13 LSC  
5024 (G)8 → (G)9 1 LSC  
6163 (A)8 → (A)9 1 LSC  
6521 +TTAATCTGCATCTTCATTTTTT 22 LSC  
6770 (T)11 → (T)12 1 LSC 
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Polymorphism Position Change Indel length Region  
7366 (T)7 → (T)8 1 LSC  
7453 (A)9 → (A)10 1 LSC  
9377 (A)9 → (A)11 2 LSC  
14914 +ATACAAT 7 LSC  
29748 (T)6 → (T)7 1 LSC  
30234 +GTAAGA 6 LSC  
30523 +TAGAATACT 9 LSC  
31974 (T)9 → (T)12 3 LSC  
32170 (A)9 → (A)10 1 LSC  
32794 +TCTTACTAGATAAATTATAT 20 LSC  
51520 (T)10 → (T)11 1 LSC  
52145 +ATTATATTAAATAGAA 16 LSC  
65864 (T)10 → (T)11 1 LSC  
66447 +ATTATATATTATTTATTAT 19 LSC  
77496 (A)9 → (A)10 1 LSC  
118791 (TAATTAATA)2 → (TAATTAATA)3 9 SSC  
122253 +ATTAGATTGATTATAAGA 18 SSC 
 
A total of 58 regions were identified that contained 2–7 SNPs within 700 bp (Figure 6.3). A 
decreasing number of regions were identified as the number of SNPs per 700 bp increased. 
Thirty-four regions were identified that contained two SNPs. The maximum number of SNPs 
identified within 700 bp was seven. 
 
Figure 6.3 Total number of regions less than 700 bp long that contain 2–8 SNPs 
6.5 Discussion 
Whole chloroplast genomes are used in phylogenetics to resolve groups of distantly and 
closely related taxa (Huang et al. 2019; Li et al. 2020; Wei and Zhang 2020). The use of 
whole chloroplast genomes in the field of population genetics is also beginning to make 
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traction (Perdereau et al. 2017; Nock et al. 2019). Currently, no complete chloroplast genetic 
resources are available for Nothofagus. However, two fragmented chloroplast genomes for 
species in the subgenus Lophozonia are available: N. obliqua (Mirb.) Oerst. and N. alpina 
(Poepp. & Endl.) Oerst. (º N. nervosa (Phil.) Krasser) (El Mujtar et al. 2014). 
The N. menziesii chloroplast genome is similar in length, GC percent and gene content with 
other whole chloroplast genomes from Fagales (Hu et al. 2016; Ju et al. 2019; Mader et al. 
2019; Worth et al. 2019). Direct comparison to the fragmented N. obliqua and N. aplina 
chloroplast genomes is not possible as the final chloroplast presented by El Mujtar et al. 
(2014) was a chimera containing contigs from both species. Despite this, the N. menziesii 
chloroplast is comparable in the reported genome size of 155 513 bp and gene number, 112 
genes. 
Structural heteroplasmy was evident in the chloroplast of the Dunedin individual with 50% of 
the chloroplast genomes containing an inverted SSC region. This is consistent with the 
findings of Wang & Lanfear (2019) and as they propose, structural heteroplasmy may be the 
norm and not an exception as previously thought. Smaller, polymorphic regions and single 
sites can also indicate the presence of heteroplasmy within an individual. Causes for 
heteroplasmy include mutation, biparental inheritance, recombination between chloroplasts 
and hybridisation (Lax et al. 1987; Chat et al. 2002; Frey et al. 2005; Acosta and Premoli 
2010; Carbonell-Caballero et al. 2015). Heteroplasmy may also be erroneously identified if 
gene transfer has occurred between organelle and nuclear genomes and care is required to 
mitigate such false positives (Hoang et al. 2015). NOVOplasty (used in this study) attempts to 
ameliorate this by ensuring that flanking regions around polymorphisms correctly map to the 
organelle genome (Dierckxsens et al. 2020). It is important to know if, and to what extent, 
heteroplasmy exists as it can confound inferences if not taken into account (Wolfe and Randle 
2004). In this study, intra-individual variations were discovered in both chloroplast genomes. 
These were all single nucleotide indels in homopolymer regions. It is likely that these 
variations are due to mutation as homopolymer regions are known to experience high 
mutation rates caused by slippage during DNA replication (Wolfson et al. 1991; Huang et al. 
2005). Hybridisation has been identified within sub-genera of Nothofagus e.g., Fuscospora 
(Wardle 1984; Smissen et al. 2018) and Lophozonia (Marchelli and Gallo 2001; Vergara et al. 
2014). In New Zealand hybridisation is known to occur in the natural environment between N. 
solandri (Hook.f.) Oerst. and N. cliffortioides (Hook.f.) Oerst. (Smissen et al. 2018). 
Additionally, Nothofagus cliffortioides and N. soldandri were found to have putatively 
hybridised with N. fusca (Hook.f.) Oerst. and N. truncata (Colenso) Cockayne (Smissen et al. 
2014). Artificial hybrids have also been induced in N. solandri and N. fusca (Poole 1951). In 
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Lophozonia, hybrids have been recorded from South America between N. alpina and N. 
obliqua (Marchelli and Gallo 2001; Vergara et al. 2014). Chloroplast capture (the chloroplast 
of one species is replaced by another through hybridisation and introgression) is the proposed 
cause for the discordant nuclear/chloroplast phylogenies of Nothofagus subgenus Nothofagus 
(Acosta and Premoli 2010). As N. menziesii is the only member of Lophozonia in New 
Zealand it is unlikely to have undergone hybridisation events, at least, since the geographical 
isolation in New Zealand. 
Increasingly, chloroplasts are being used for population genetics and species from a range of 
lineages are known to exhibit multiple haplotypes. Haplotypes have been found to be 
associated with morphotypes in the bladderwort Utricularia amethystine Salzm. ex St.Hil. & 
Gir. (Silva et al. 2019), populations across wide geographical distances in Quercus L. (Kanno 
et al. 2004; Magri et al. 2007) and Pedicularis chamissonis Steven (Fujii et al. 1997), and at 
fine spatial resolutions in Plagiobothrys nothofulvus (A.Gray) A.Gray (Grasty et al. 2020). 
Intraspecific variant analysis of the two N. menziesii chloroplasts revealed 131 polymorphic 
sites. Interestingly, a high number of SNPs were found in the genes ycf1 and ndhF. This is 
consistent with the investigation of 64 chloroplasts from Macadamia integrifolia Maiden & 
Betche (Nock et al. 2019). ycf1 has been found to be highly variable across angiosperm 
genera (Dong et al. 2012), within genera (Carbonell-Caballero et al. 2015) and genus sections 
(Huang et al. 2019). It has been proposed as a promising sequence barcode for plants (Dong et 
al. 2015). However, care may need to be exercised when using this region as a plant barcode 
due to its high intraspecific variation demonstrated in this study and Nock et al. (2019). The 
function of ycf1 is not resolved and is often debated (de Vries et al. 2015; Bölter and Soll 
2017). An alternative marker has been proposed for chloroplast phylogenetics, rpoC2 (Walker 
et al. 2019). Phylogenetic analyses using this marker were found to reconstruct the 
angiosperm phylogeny congruent with that of all the chloroplast protein-coding genes. rpoC2 
was not found to be polymorphic in this study and may make it a more suitable phylogenetic 
marker compared to ycf1. 
A recent study into the distribution of Nothofagus spp. using 2.4 kb of chloroplast makers 
identified two haplotypes across three species in the subgenus Fuscospora based on a single 
indel (Rawlence et al. 2021). In N. menziesii, a total of nine haplotypes were recovered from 
individuals sampled across New Zealand. The northern half of the South Island above the 
Westland beech gap (Figure 6.1) had the highest haplotype diversity with six haplotypes 
present in 21 individuals. Contrastingly, a single haplotype was recorded from below the 
Westland beech gap sampled from 28 individuals. Interestingly, none of the northern South 
Island haplotypes were present in other regions investigated. It is important to note that the 
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nine haplotypes were based on relatively few polymorphic sites (7 SNPs, one of which in an 
indel, four indels and a single two-base MNP). The lack of informative characters may have 
contributed to the weak support of the demographic analyses performed. This highlights the 
need to identify additional polymorphic regions. In this study, multiple regions less than 700 
bp were identified that contained 2–7 SNPs, which may be suitable for Sanger sequencing. 
These high-density SNP regions could be informative in future population genetic studies into 
N. menziesii, but need to be evaluated further on multiple individuals from different 
populations. It is likely that additional whole chloroplast genomes will uncover more 
polymorphic sites. 
This study presents the first complete chloroplast genomes from Nothofagus and forms the 
basis of future population genetic studies into N. menziesii. Comparison of only two 
chloroplast genomes has revealed 131 polymorphic regions. Moreover, multiple high density 




7.1 Chapter findings 
7.1.1 Chapter 2: Purple haze: Cryptic purple sequestrate Cortinarius in New 
Zealand 
Cortinarius porphyroideus is a striking purple, sequestrate fungus that was thought to be 
common throughout New Zealand in Nothofagus forest. It was discovered that the name C. 
porphyroideus had been misapplied and five cryptic species were hiding under this name. 
Consequently, four new species of purple sequestrate Cortinarius were described: C. 
diaphorus, C. minorisporus, C. purpureocapitatus, and C. violaceocystidiatus. Additionally, 
the previously described species Thaxterogaster viola was transferred to C. violaceovolvatus 
var. viola. Of all the purple sequestrate Cortinarius species, C. violaceovolvatus var. viola has 
the widest distribution and the most commonly collected of the purple sequestrate taxa. 
Interestingly, C. porphyroideus s.s. represents a rarely collected species that is currently only 
know from the York Bay area in Wellington. None of the purple sequestrate species were 
found to be closely related to each other; C. violaceovolvatus and C. minorisporus currently 
have no known close relatives. The convergent evolution of colouration and morphology may 
lend to the hypothesis that some New Zealand sequestrate fungi have evolved in response to 
selection by grazing birds. 
7.1.2 Chapter 3: Studies of New Zealand Cortinarius: resolution of taxonomic 
conflicts in section Subcastanelli (Agaricales), new species and key to rozitoid 
species 
Cortinairus section Subcastanelli contained several species with uncertain phylogenetic 
position and taxonomy. It was revealed that the protologue of C. subcastanellus was based on 
more than one taxon. Subsequently, the protologue of C. subcastanellus was emended and the 
new species C. cesarioanus was described to accommodate the species in the protologue. 
Cortinarius wallacei was found to be a later synonym of C. subcastanellus. Also in section 
Subcastanelli, the sequestrate fungi C. epiphaeus and C. napivelatus were conspecific and C. 
napivelatus was synonymised with C. epiphaeus. Similar to the case of C. subcastanellus, the 
protologue of C. taylorianus contained more than one species. However, an accidental mix-up 
of collection in a previous publication cannot be ruled out. Despite this, until now the 
phylogenetic position of the holotype was unknown and is presented here for the first time. 
Finally, C. viridipileatus was described which has a relatively rare green-coloured pileus. 
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7.1.3 Chapter 4: Cortinarius atropileatus sp. nov. (Cortinariaceae) from New 
Zealand 
In this chapter C. atropileatus was described. Cortinarius atropileatus is a cuphocyboid 
species that has strong morphological similarities to C. dulciolens and even presents a sweet, 
honey-like smell similar to C. dulciolens. Some genetic variation was also found within C. 
atropileatus which did not extend to any morphological differentiating characters. Cortinarius 
atropileatus was found to be sister to C. porphyroideus s.s. and C. pisciodorus. 
7.1.4 Chapter 5: multigene_blastnparse.py: A python script to retrieve BLAST 
matches and associated sequences from additional gene regions for 
multigene phylogenetics 
multigene_blastnparse.py is a script to simplify sequence acquisition from GenBank. This 
script is unique in that not only BLAST matches, but also any other sequence that is attributed 
to the same vouchered specimen are retrieved. The script formats the output into two different 
files, one containing all the sequences and the other a csv file with BLAST match information 
and all sequences that are available for each collection. Moreover, the sequences headers are 
consistent across all sequences from a collection allowing seamless concatenation, greatly 
simplifying compilation of datasets for multi-gene phylogenetic analyses. 
7.1.5 Chapter 6: Chloroplast genome of Nothofagus menziesii and its potential 
application in population genetics 
Nothofagus menziesii is a dominant trees species in many parts of New Zealand and is of 
particular interest because of its disjunct distribution. The first complete chloroplast genome 
sequenced from the genus Nothofagus. The chloroplast genome was comparable, in size and 
gene number, to others in the Fagales. A second chloroplast genome from a geographically 
distant individual was sequenced and compared. A total of 131 polymorphic regions were 
identified. Thirteen regions that were no longer than 700 bp and contained three or more 
SNPs were identified. These 700 bp regions may be useful for future population genetic 
studies. 
7.2 Implications of taxonomic research in this thesis 
In this thesis, seven new species are described, three synonymisations and one emendation is 
made. In particular this thesis advances the taxonomy of sequestrate Cortinarius. Cortinarius 
is an important genus of mycorrhizal fungi that has high diversity and a global distribution. In 
New Zealand, Cortinarius is the most diverse ectomycorrhizal genus with over 190 native 
species being described to date. Over the last 30 years there has been a marked increase in the 
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taxonomic knowledge of New Zealand Cortinarius. Most of which is attributed to Soop 
having described over 100 species. 
As exemplified in the taxonomic chapters, there is a pressing need for herbaria to sequence 
type specimens and even paratypes. In the event that holotypes are too old and/or degraded, 
other specimens need to be epitypified to assist with the stability of species concepts (Hyde 
and Zhang 2008; Hofstetter et al. 2019). The lack of type specimens with DNA barcodes can 
exacerbate misapplication of names. This is particularly noticeable on GenBank where 
multiple different species names have been used for identical sequences. An estimated 30% of 
fungal names on GenBank are thought to be incorrect (Hofstetter et al. 2019). In addition to 
sequencing holotypes, holotype sequences need to be annotated as such on databases to 
increase oversite and facilitate correct species identification. The increased availability of 
sequences from type specimens can prevent unnecessary descriptions of taxa and their 
subsequent synonymisations when it is later revealed that they are conspecific with earlier 
legitimate names. Finally, submitters to GenBank need to do due diligence before uploading 
new sequences to repositories to prevent the misapplication of names. Even after uploading, 
submitters need to be committed to updating previous submissions if inaccuracies are 
discovered. 
Technological advances of high throughput sequencing bring many opportunities to the field 
of taxonomy. Apparent applications are sequencing aged and degraded type specimens 
(Chapters 2, 3). Less obvious is the potential use of environmental amplicon sequencing. 
Large surveys of soil fungi are becoming increasingly common in community ecology 
studies. Data derived from such studies can be screened for geographical hotspots of 
undescribed species allowing targeted collecting. This can have large advantages in groups 
like fungi where sporocarp production is ephemeral. Additionally, there is the potential that 
sister lineages to species that have no known close relatives will be discovered, also paving 
the way for targeted sampling. In the context of this thesis, this could assist in making 
evolutionary inferences on morphology. For instance, Cortinarius minorisporus and C. 
violaceovolvatus have no known close relatives. Finally, the future of taxonomy may take a 
collaborative, multidisciplinary approach. There are efforts underway to sequence and 
assemble the genomes of all the eukaryotes as part of the ambitious Earth BioGenome (Lewin 
et al. 2018). Considering the time and effort required to locate, sequence and assemble all 
eukaryotic genomes, it would be advantageous to gather as much information for each 
organism at the same time. This could include taxonomic descriptions for new species and 
providing a whole genome for type specimens. 
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7.3 Fungal species concepts 
During the production of this thesis, it became apparent that the fungal species concept is 
rarely explicitly defined in taxonomic publications, rather implied. Moreover, the applied 
fungal species concepts have developed alongside our understanding of the organism that we 
study. For the most part, species concepts implemented by taxonomists are based on their own 
experience with the organisms and characters (Mishler and Donoghue 1982). Few ideas have 
received such philosophical attention in biology as that of the species concept and a universal 
concept applicable to all groups of organisms may be unfeasible as all groups of organisms 
have their own nuances. This is also reflected in the high number, at least twenty-seven, 
proposed species concepts (Hey 2001). Three main concepts utilised for fungal species 
concepts are morphological, biological and phylogenetic (Petersen and Hughes 1999).  
7.3.1 The morphological species concept 
Early taxonomists relied heavily on grouping individuals with similar morphological 
characters into a species, with approximately 70 000 species having been described using 
morphology or phenotypic characters (Taylor et al. 2000). With morphological species 
boundaries being determined by the taxonomist describing the taxon (Petersen and Hughes 
1999). Deriving relationships between species was, by proxy, also determined on 
morphological similarities. As discussed in sections 1.3–1.5, such inferences were fraught 
with issues and similar morphological species have been shown to be polyphyletic (Peintner 
et al. 2001; Soop et al. 2019; Nilsen et al. 2020b).  
7.3.2 The biological species concept 
The biological species concept diagnosed species into groups of interbreeding, or potentially 
interbreeding individuals that are reproductively isolated from other groups (Mayr 1940). The 
biological species concept had some early adoption in fungal taxonomy and has had success 
in recognising species that are still accepted. Due to the life history of fungi, the biological 
species concept is most suited to culturable fungi, precluding its implementation in groups of 
unculturable fungi like mycorrhizal fungi. Additionally, many fungi are asexual, or have 
complex life stages prohibiting experimentation. In culturable taxa, the biological species has 
elucidated cryptic species using mating type experiments in the morphological species 
Monilia sitophila (Mont.) Sacc. Three biological species were shown to be concealed under 
the name M. sitophila: Neurospora crassa Shear & B.O. Dodge, N. sitophila Shear & B.O. 
Dodge and N. tetrasperma Shear & B.O. Dodge (Shear and Dodge 1927). Similar instances of 
biological species concealed under previously named morphological species have been 
recorded in Armillaria (Fr.) Staude (Korhonen 1978; Anderson and Ullrich 1979). A major 
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detractor from biological species concepts is that it can lump together geographically isolated 
taxa together, which would otherwise not interbreed. This has been noted in the Pleurotus 
ostreatus (Jacq.) P. Kumm. species complex. Vilgalys and Sun (1994) found eight biological 
species, three of the biological species were shown to contain more than one phylogenetic 
species. Moreover, the phylogenetic species, contained within biological species were present 
on different continents.  
7.3.3 The phylogentic species concept 
The phylogenetic species concept was proposed by Henning (1966) and necessitates that a 
species represents a monophyletic group, descendent from a common ancestor. Since the 
advent of DNA sequencing, this concept has become increasingly implemented to describe 
fungal species. There is, to a degree, some overlap between the biological and phylogenetic 
species concepts. The biological species concept require that different taxa have become 
reproductively isolated. This can be reflected in underlying genetic differences that may 
produce monophyly in a phylogenetic analysis.  
Several caveats with the phylogenetic species concept are known. For instance, what and how 
many genes should be used in phylogenetic analyses? There is no consensus to this question. 
Fungal phylogenetics is primarily based around the ribosomal cistron, in particular the ITS 
and LSU regions. This is due to the relative ease of amplification of these regions and them 
containing enough information required resolving taxa at a species level. However, as 
mentioned in Chapter 5, using single genes for inferring phylogenetic species concepts may 
not be representative for all genes. Therefore, where possible, multiple genes should be used 
for inferring species. Other genes have been proposed to be used in phylogenetics like rpb1, 
rpb2 and tef1, which have had some uptake. A recent review of species boundaries using 
phylogenetics found half of all studies reviewed used 1–2 genes for delineation (Matute and 
Sepúlveda 2019). The number of genes included in phylogenetic is, to a degree, dependent on 
the genes available for the groups being investigated. Therefore, efforts should be made to 
sequence and make available additional markers for organisms of interest. As we are now at 
the beginning of the large scale whole genomics era, in which high quality genomes are 
produced routinely, it opens the door to phylogenomics. Fungi contain 5000–10 000 genes 
that could be utilised in phylogenomic studies (Mohanta and Bae 2015). Analyses of large 
numbers of genes offers the ability to not only set species boundaries, but also help resolve 
deep evolutionary relationships (Xu 2020). This also contributes to the idea of providing a 
whole genome sequence for holotypes as well as morphological descriptions. 
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7.3.4 Species concepts utlisised in this thesis 
In this thesis, the phylogenetic species concept was implemented. As is common practice, this 
is used in conjunction with consistent morphological characters for each monophyletic group 
of taxa that help define a species. Using both phylogenetic and morphological evidence helps 
to support the recognition of species boundaries. Additionally, the special case of a variety of 
a species, C. violaceovolvatus var. viola was treated. This taxon presented a distinct 
morphological was not phylogenetically separable from C. violaceovolvatus var. 
violaceovolvatus. Even across multiple genes that are commonly used in fungal 
phylogenetics, there was insufficient variation for delineation.  
Because the concept of a species is a philosophical idea, it could be that there may never be a 
unifying idea that is applicable to all organisms. As previously mentioned, species concepts 
implemented by taxonomists are based on their own experience with the organisms and 
characters (Mishler and Donoghue 1982). I believe this will be the prevailing method and 
taxonomists are bound by the information that is present at the given time a species is 
described. Taxonomists should strive to utilise all data available to them. 
7.4 Purple in New Zealand sequestrate Cortinarius 
New Zealand sequestrate fungi are purported to include a high incidence of both the secotioid 
morphology and bright colours compared to the rest of the world (Beever and Lebel 2014). 
This is thought to be attributed to the selection pressure of grazing birds (Beever 1993; Beever 
and Lebel 2014). This thesis describes four new sequestrate Cortinarius taxa and increases the 
total number of known sequestrate Cortinarius species to nineteen. Seven of the nineteen 
sequestrate species are purple (36.8%). The high occurrence of purple colouration in 
conjunction with the secotioid morphology was surprising as bold purple pilei are rare in New 
Zealand Cortinarius species. Selective pressures that formed these characters can only be 
speculated on, but the colouration and morphology may support the bird selection hypothesis. 
Other brightly coloured species of secotioid fungi are, for example, Leratiomyces 
erythrocephalus (Tul. & C. Tul.) Beever & D.C. Park (red pileus), Russula kermesina T. 
Lebel (red pileus) and Clavogaster virescens (Massee) J.A. Cooper (blue pileus).  
The role of colour in fruit dispersal and flower pollination has a long history of study, 
however, only recently has there been any investigation into ecological or physiological 
implications of colour in fungi (Krah et al. 2019). As mentioned in Chapter 2, colour plays an 
important part in fruiting syndromes in which yellow, brown, or green fruits with strong 
odours are consumed by mammals, and red, blue, black, or white fruits with little odour are 
eaten by birds or reptiles (Janson 1983; Willson and Whelan 1990; Lord and Marshall 2001; 
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Caro and Allen 2017). Preliminary spectral analyses of the most widespread and abundant 
purple sequestrate species, C. violaceovolvatus var. viola (Figure 7.1), indicated light 
reflectance in the ultraviolet to violet spectra. Two main reflectance peaks were observed in 
between 355–380 nm and 455–470 nm. The peak between 355–380 nm corresponds to 
ultraviolet sensitivity in some animals. 
 
Figure 7.1 Light reflectance of fresh, whole pilei from collections of Cortinarius violaceovolvatus 
var. viola measured using an Ocean Optics Red Tide USB650 spectrometer. Three technical repeats 
per pilus were measured and averaged before plotting. Regions able to be perceived by some 
animals are identified by the red boxes; ultra violet sensitive (UVS) and violet sensitive (VS). 
Visual sensitivity to UV light is relatively common in the animal kingdom and fruit and 
flowers are known to reflect UV (Cronin and Bok 2016). Prehuman New Zealand was likely 
to be devoid of mammals with the exception of bats, and birds are thought to have assumed 
the ecological roles of mammals. Multiple different bird lineages have been shown to be 
sensitive to ultraviolet. Members of moa from Emeidae and New Zealand parrots from the 
Strigopidae were predicted to be ultraviolet sensitive based on SWS1 photoreceptor amino 
acid sequence (UVS, 360–373 nm) (Aidala et al. 2012). However, little is known if other New 
Zealand animals like weta (Fadzly and Burns 2010), lizards (Wotton et al. 2016) or bats are 
visually UV sensitive. 
The role of UV reflectance in fruit dispersal appears to be conflicting. Altshuler (2001) found 
that fruits that exhibited UV reflectance were preferentially consumed by birds and rodents in 
Panama. Additionally, it was discovered that only mature fruits reflected UV. Other studies 
have indicated that UV may not necessarily be associated with bird dispersal, whereas the 
reflectance of blue and green ranges of the spectrum may be more important (Lomáscolo and 
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Schaefer 2010). In New Zealand native plants, only fruits from Dacrycarpus dacrydioides 
reflected UV from 41 species tested (Lee et al. 1990). Interestingly, purple coloured fruits in 
the study were not UV reflective (e.g. Beilschmiedia taraire, Pratia angulata and Myrsine 
divaricata). 
Some agaricoid fungi in Cortinarius are known to reflect UV, in particular, members in the 
sections Leprocybe and Orellani (Soop et al. 2019). Leprocybe members contain xanthone 
pigments which are known reflect UV (Moser 1985; Soop et al. 2019). Similarly, Orellani 
taxa contain orellanine which is strongly reflective under UV and are lethal to humans 
(Keller-Dilitz et al. 1985; Soop et al. 2019). Interestingly, xanthone has been experimented 
with in the control of moths (Steiner and Summerland 1943). The potential toxicity of 
fluorescent compounds may complicate the implication of animal vectors in fungal dispersal, 
particularly if UV reflective compounds are common among sequestrate fungi. However, 
more research would have to be done to explore the potential toxicity of UV reflective 
compounds on animal vectors. It is possible that UV reflective compounds may have been co-
opted into the dual role of protection against certain pests, e.g. insects, and an attractant to 
potential dispersers, e.g. birds, lizards etc.  
The development of colour during sporocarp maturation presents another facet to the 
evolution of sequestrate fungi. Cunningham (1924) postulated that the development of violet 
colouration in C. porphyroideus was a result of light exposure as the sporocarp emerges from 
the ground. It is possible that this observation was based on more than one species due to the 
additional cryptic species not being known at that time. The violet colour development has 
also been noted in the pileus of C. purpureocapitatus (personal observation), C. 
violaceovolvatus var. viola (Figure 2.4; personal observation) and C. violaceocystidiatus 
(Figure 2.6; personal observation) in which colour intensity develops with age. The pileus of 
L. erythrocephalus, when young, presents a pale yellow-orange colouration becoming 
progressively more red with age (personal observation; Cooper 2012). Colour development 
during fruit body ontogeny may be an adaptation to attract potential vectors when the fungus 
is at the height of maturity. Moreover, this could be analogous to the development of fruit 
colour which is linked to fruit maturity and nutrient reward for animal vectors (Altshuler 
2001; Schaefer et al. 2008, 2014), or aroma in mature, hypogeous sequestrate fungi (Bougher 
and Lebel 2001; Trappe et al. 2009). However, some sequestrate fungi, like Clavogaster 
virescens, are brightly coloured when young with the colour having a ‘washed out’ 
appearance when older.  
Future research into the spectral reflectance of sequestrate taxa needs to be embarked on to 
determine the extent colours play in their dispersal. Investigations could include the 
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prevalence of reflectance of UV–VS in secotioid, gasteroid and agaricoid fungi, and if 
differences are observed in hypogeous and epigeous taxa. Moreover, investigations are 
warranted into ontological colour differences. 
7.5 Population genetics using chloroplasts 
While many studies have investigated post-glacial expansions of plants around the globe 
(Turchetto-Zolet et al. 2013; Gao et al. 2015; Stefenon et al. 2019), the disjunct distribution of 
Nothofagus is particularly interesting. This disjunction is most apparent on the South Island 
where Nothofagus is missing from central Westland. Different hypotheses have been 
proposed for this distribution. The current prevailing hypothesis based on chloroplast DNA is 
that glaciation caused the retraction of N. menziesii into multiple microrefugia (Rawlence et 
al. 2021). Multiple different haplotypes of N. menziesii were found to have persisted in the 
northern South Island and only a single haplotype was found below the central Westland 
beech gap. Dating of the haplotype divergences were not strongly supported due to the few 
polymorphic characters (Rawlence et al. 2021). In Chapter 6, 131 polymorphic sites between 
two geographically distant individuals were identified. Thirteen regions contained more than 
three polymorphic sites that were within 700 bp. Increasing the number of variable regions 
could help identify haplotypes and improve the support for dating divergences. These 700 bp 
regions are yet to be validated for their possible phylogeographic informativeness. Despite 
having identified 13 regions suitable for Sanger sequencing, whole chloroplast genome 
sequencing offers the tantalising possibility of recovering more haplotypes, strengthening of 
haplotype divergence times and inferring population histories, provided adequate sampling is 
undertaken.  
The use of whole chloroplast genomes in population genetics is increasing, but there are some 
barriers to their widespread adoption; namely, enrichment and library costs. Chloroplasts are 
abundant leaf cellular components and can make up 5–10% of whole genome sequences 
(Ahmed 2015). Low coverage genome sequencing can be used to obtain whole chloroplast 
genomes. However, this approach is uneconomical due to the large proportion of nuclear 
genome data. To circumvent this, practical chloroplast enrichment strategies are being 
developed. Inexpensive methods include the isolation of whole chloroplasts but these methods 
can require large amounts of starting leaf tissue and hands-on time (Takamatsu et al. 2018). 
Alternatively, chloroplast DNA can be enriched from kit based genomic DNA extractions 
using hybridisation capture methods, e.g. MYbaits. While hybridisation methods are 
relatively quick and do not require large amounts of starting material, they are expensive. 
Despite the rapid decline in cost of next generation sequencing, one of the major challenges to 
large scale sequencing projects is the library preparation costs. Library costs can be ca. $50 
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USD per library compared with the relatively cheap $8 USD/Gb of data (Li et al. 2019). 
Consequently, library preparation methods have been explored to reduce the financial burden 
of larger genomic projects (Gaio et al. 2019; Li et al. 2019). However, library preparation 
costs still remain as a barrier for larger population genetics projects. It is hoped that more cost 
effective and low input methods will be developed in the future to allow large scale 
population genetic studies using whole chloroplast genomes. 
The relationship between Nothofagus and mycorrhizal symbionts is likely to have played a 
part in the dispersal of Nothofagus since the last glacial maximum. Fringes of Nothofagus 
forests are often established with Nothofagus seedling. McQueen (1951) noted Nothofagus 
seed fifteen times the distance from the forest edge than what Nothofagus seedlings could be 
found. This led Baylis (1980) to suggest that the lack of fungal inoculum may contribute to 
the slow expansion of Nothofagus. Owing to the suspected tripartite relationship between 
Nothofagus, sequestrate mycorrhizal fungi (e.g. Cortinarius) and animal vectors (e.g. grazing 
birds), it is plausible that sequestrate fungi may have helped to expand the boundaries of 
Nothofagus. Animals grazing around the forest margins may have ingested sequestrate fungi 
and deposited them past the forest edge. This has multiple advantages. Dung could carry high 
propagule concentrations that may be deposited in areas that are not colonised with 
Nothofagus. If the dung is in contact to seed on the ground then it is likely that the high 
propagule pressure would be sufficient for mycorrhizal infection. Additionally, it is possible 
that deposition of dung may provide the germinating seed with an immediate nutrient source, 
until the mycorrhiza have become established. This hypothesis has many assumptions, one of 
which is that the passage of spores through an animal gut system does not negatively affect 
spore viability. This has been shown to be the case in mammalian studies (Cork and Kenagy 
1989; Claridge et al. 1992). Spore viability of ectomycorrhizal fungi after gut passage in birds 
is scant. However, saprotrophic agarics have been isolated from takahē dung, indicating that 
takahē may be complicit in fungal dispersal (McGovern et al. in prep). 
The role of mycorrhizal fungi in the community structure of plants has been inferred through 
the transfer of nutrients and signalling compounds via common mycorrhizal networks (CMN) 
(Rog et al. 2020; Tedersoo et al. 2020). Whole chloroplast genomes could offer valuable 
insights into plant population studies following maternal lines and seed dispersal by proxy, in 
conjunction with similar studies of associated mycorrhiza. Such studies could be informative 
in determining if, and to what extent CMN play in the population structure of N. menziesii. 
While traditional chloroplast markers are typically slow evolving, whole chloroplasts have 
been shown to be effective for resolving fine scale population structures (Grasty et al. 2020). 
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Additional research would be required to ascertain if chloroplast genomes from N. menziesii 
are variable enough for resolving population structures at fine scales.  
7.6 Future studies 
This thesis presents advances in the taxonomy of New Zealand Cortinarius, data preparation 
for multigene phylogenetics and the potential use of chloroplast genomes in the population 
genetics of Nothofagus menziesii. It also provides important information for future research. 
Research avenues could include, but are not limited to, taxonomy of Cortinarius and creating 
dated phylogenies for the transitions of New Zealand Cortinarius to a sequestrate habit, the 
importance of colours in the dispersal of sequestrate fungi, the population structure and 
history of N. menziesii using chloroplasts and if sequestrate fungi may have played a role in 
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